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Abstract

Metal-organic frameworks (MOFs) are crystalline, nanoporous materials that consist of metal cations
and organic linker molecules with multiple functional moieties. The sheer infinite amount of possible
metal ion-linker combinations makes MOFs in principle ready to be synthesized and tuned to desire
for a large variety of applications as gas sensors, gas separation materials or as substrates for catalysis.
Lack of synthesis predictability due to missing knowledge about the physicochemical processes during

MOF production until now prevents their widespread industrial use.

One specific synthetic pathway, namely the electrochemical synthesis, promises fast and versatile
MOF synthesis. The electrochemical potential gives an easily controllable parameter that can be
exploited to tune material properties such as the crystal size to desire. To exploit the full range of
possibilities the electrochemical synthesis offers, deep understanding of the molecular processes

underlying MOF synthesis is necessary.

This thesis aims to gain this understanding on the archetypical MOF CuBTC. CuBTC, as one of
only few MOFs, shows direct growth on the surface of the electrode used, a desirable property for
facile production of i.e. gas separation membranes. Using a variety of physicochemical methods
such as Raman spectroscopy, UV/VIS spectroscopy and cyclic voltammetry the mechanism of
electrochemical CuBTC growth is investigated in depth. We investigate the oxidation mechanism of
the copper electrode during the synthesis. To facilitate future development of surface-bound MOF
coatings, we study the molecular-level reason for the on-surface growth of CuBTC. Finally, we are
able to answer the question about the high rate of electrochemical MOF production compared to the

classical pathway of homogeneous nucleation from solution.

We unravel a two-step oxidation process from copper to Cu>* with cuprite as a necessary intermediate.
Based on our insight we develop an easy fabrication method for patterned MOF coatings. Additionally,
we investigate the specific interaction between the linker molecule BTC and electrified Cu surfaces.
We find a strong potential-dependent adsorption of BTC that could explain why CuBTC specifically
forms surface-bound MOF coatings contrary to the majority of electrochemically synthesized MOF
materials. Lastly, we study the kinetics of CuBTC growth in solution. We find an unexpected inverse
relation between the concentration of linker molecules and the growth rate of CuBTC. We develop
a chemical reaction model including the formation of an overcoordinated BTC species that shows
a good qualitative fit with the experimental results. Our model can yield an explanation for fast
electrochemical growth in which the chemical equilibria are shifted to favor CuBTC growth instead
of the overcoordinated species. Finally, we summarize our results and give possible directions for

future research.






Zusammenfassung

Metall-organische Geriistverbindungen (MOFs) sind kristalline, nanopordse Materialien, die aus
Metall-Kationen und polyfunktionellen organischen Linkermolekiilen bestehen. Die nahezu un-
endliche Anzahl moglicher Metall-Linker Kombinationen ermoglicht es, MOF:s fiir eine grofle Vielfalt
an Anwendungen als Gassensoren, in der Gasseparation und der Katalyse zu synthetisieren. Ein
Mangel an rationaler Planbarkeit der Synthese neuer Materialien liegt im fehlenden Wissen iiber
die molekularen Prozesse wihrend der Synthese begriindet und verhindert verbreitete industrielle

Anwendung von MOFs.

Die elektrochemische Synthese ist ein schneller Weg zur Produktion von MOFs. Das elektrochemische
Potential ist ein einfach zu kontrollierender Parameter, der ausgenutzt werden kann, um die Mate-
rialeigenschaften (bspw. die Kristallgroie) nach Belieben zu beeinflussen. Um die Moglichkeiten
der elektrochemischen Synthese besser auszunutzen, ist ein grundlegendes Verstidndnis der physiko-
chemischen Prozesse, die dem MOF Wachstum zu Grunde liegen, nétig.

In dieser Arbeit mochten wir dieses Verstindnis am archetypischen MOF CuBTC erlangen. CuBTC
ist eines der wenigen MOFs, die direktes Wachstum auf der Elektrodenoberfliache zeigen. Die direkte
Beschichtung von Substraten ist eine erstrebenswerte Charakteristik von MOF Synthesen um die
einfache Produktion von, zum Beispiel, Gasseparationsmembranen zu ermdglichen. Mit Hilfe von
Raman und UV/VIS Spektroskopie sowie zyklischer Voltammetrie wird der Mechanismus elektro-
chemischen CuBTC Wachstums untersucht. Wir untersuchen den Mechanismus der Oxidation der
Kupferelektrode, welche dem MOF Wachstum zugrunde liegt. Um die Entwicklung weiterer ober-
flachengebundener MOF Beschichtungen zu vereinfachen, suchen wir nach dem chemischen Grund
fiir das Wachstum von CuBTC auf der Oberfliche. Schlussendlich beantworten wir die Frage nach

der im Vergleich zur klassischen Synthese hohen Geschwindigkeit der elektrochemischen Synthese.

Wir decken einen zweistufigen Oxidationsprozess von Kupfer zu Cu>* mit Kuprit als Intermediat auf.
Auf Basis unserer Entdeckung entwickeln wir einen einfachen Weg, strukturierte MOF Beschich-
tungen herzustellen. AnschlieBend untersuchen wir die spezifische Interaktion zwischen dem Link-
ermolekiil BTC und Cu Oberfldchen, an die eine Spannung angelegt wird. Wir beobachten eine
potentialabhingige Adsorption von BTC, die eine Erkldrung fiir das Oberflichenwachstum von
CuBTC liefern kann. Zuletzt untersuchen wir die Kinetik des Wachstums von CuBTC in Losung
bei Raumtemperatur. Wir beobachten eine inverse Proportionalitit zwischen der Konzentration des
Linkers in Losung und der Wachstumsgeschwindigkeit von CuBTC. Wir entwickeln ein chemischen
Reaktionsmodell, das die Bildung einer tiberkoordinierten Kupfer-BTC Spezies beinhaltet und gute
qualitative Ubereinstimmung mit den experimentellen Daten zeigt. Unser Modell kann eine Erklirung
fiir das schnelle elektrochemische Wachstum liefern. Wihrend der elektrochemischen Synthese ist zu
erwarten, dass die chemischen Gleichgewichte zu Gunsten der Bildung von CuBTC (im Vergleich
zur iiberkoordinierten Spezies) verschoben werden. AbschlieBend fassen wir unsere Ergebnisse

zusammen und geben Vorschlige fiir weiterfithrende Forschung auf dem Gebiet.
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Chapter 1

Introduction

Rationally planned syntheses in which the outcome of a chemical reaction can be exactly
predicted through use of the right reagents and synthesis conditions are the ultimate goal
of synthetic chemistry. In organic chemistry molecular reaction mechanisms that form a
new molecule out of the reagents are routinely investigated and discussed. While organic
chemists to date still fight a certain degree of unpredictability in their syntheses (leading to
unwanted side products or sometimes completely failed syntheses), the detailed knowledge
about reaction mechanisms allows for a certain degree of rational synthesis planning. 2!
Organic chemistry could therefore develop to be one of the backbones of today’s society with

large-scale industrial production facilities producing large varieties of chemical compounds

with predictable purity and properties.

As a further development of organic chemistry, polymer chemistry has transformed our
daily lives. Comparably simple chemical reactions to link organic molecules are used
to build macromolecules with predictable chemical structure, connectivity and size. The
choice of the monomer(s), length of the polymer chain and other chemical properties such
as the termination of the polymer influences the properties of the material with regards
to chemical/physical stability, malleability and even conductivity.[®! Their versatility and
easy processability makes polymers perfect materials for the design of everyday objects.
Polymerization chemistry is very well understood*>! and the development of entirely new
synthesis methods has decreased considerably since the existing reactions can predictably

produce almost any polymer material imaginable.



2 Introduction

Coordination chemistry in which Lewis basic ligands form coordinative bonds with Lewis
acidic metal cations is a similarly well understood field of chemistry. Based on the works of
Alfred Werner in the late 19th and early 20th century we investigated and understood why
different metal cations show differences in their preferred coordination geometry and how
the chemical and geometrical structure of ligands influences the coordination compounds
they form.!%7 As with polymers and organic molecules, we are usually able to predict
the structure and to a degree the properties of a new coordination compound that forms
out of a specific combination of metal cation and ligand(s). Coordination chemistry has
become another pillar of industrial scale chemical reactions with coordination compounds
playing important roles as catalysts in organic and polymer synthesis.[81%1 Advances in i.e.
dye-sensitized solar cells promise a bright future for coordination compounds as sensitizers

for solar energy production. 1]

Coordination polymers are to coordination chemistry what conventional polymers are to
organic chemistry. Coordination polymers are materials that are linked through repeating
metal-coordination bonds. Single ligands can bind to multiple metal cations and can therefore
link several units to each other.!!?] One of the first examples of such a coordination polymer
is Prussian blue (iron(IIl)-hexacyanoferrate(I)). In the late 1990s a new class of these

coordination polymers was discovered, metal-organic frameworks (MOFs).[13!

MOFs are hybrid materials. They consist of metal cations that are bridged by organic
molecules (linkers) with multiple, often symmetrically distributed moieties for coordinative
bonds to the metal. Due to the order induced by the symmetry of the organic linker and
the geometrical restrictions imposed due to metal-complex chemistry, MOFs are highly
crystalline structures. The materials are nanoporous and thus offer interesting possibilities
for applications in i.e. molecular sensing,'* drug delivery,[!>! gas sieving!'®!7! or cataly-
sis. 18221 A wide variety of combinations between different metal ions and organic linkers
can be combined into a sheer infinite number of possible frameworks that all exhibit unique
properties. 23] The pore sizes, for example, can vary (=~ 0.4 - 2 nm) depending on the choice
of the linker or post-synthetic modifications.>*! The large variety in possible materials makes
MOFs in principle ready to be tuned to desire for specific applications. Therefore, rational
planning of MOF synthesis to target the production of very specific materials is a desirable

goal to achieve. [2>~27]



Despite their promising possibilities for industrial applications such as gas purification, gas
separation/storage or catalysis?8! MOFs rarely find use in industrial facilities.?*! The issue
preventing widespread use is that until now we cannot completely predict the outcome of
a new MOF synthesis. Both the chemical nature of a newly synthesized material (crystal
structure, pore size) and the mesoscopic properties such as crystal sizes and i.e. coverage of
a substrate can still rarely be accurately predetermined. Our inability to reliably bring MOF
crystals into the desired ’shape’ limits our possibilities to exploit the theoretically infinite
tunability of MOF materials for specialty applications like i.e. gas sensing or catalysis. One
of the main reasons for this lack of predictability is that, contrary to i.e. polymers, the

physicochemical processes during MOF synthesis and crystal growth are poorly understood.

Surface-bound MOF coatings are of special interest because of their potential applica-
tions as membranes in for example the separation of industrial gases %!l and liquids. 3%/
Recently, MOFs have also found increasing use in the fabrication of adsorption driven heat-
pumps. 3334 Coating surfaces with the MOF that is to be used as the adsorbent promises
improved heat- and mass-transport properties of the functional device. For optimal load-
ing of the surface with active material, strategies to produce binder-less MOF coatings are
needed.?3] MOF coatings are also potentially interesting for molecular sensing applica-
tions.[1#' A chip that is coated with a MOF specific for an adsorbate can be quickly read

1351 Universal synthesis strategies to produce surface-bound MOF

out i.e. electrochemically.
coatings are, however, not available. Finding more reliable ways to synthesize MOFs on

surfaces would open up new possibilities to use them in the above mentioned applications.

This thesis aims to shed light into the molecular-scale processes during MOF growth. We
want to convert the insight gained into new tools for the synthetic chemist’s toolkit that will
expand the possibilities of MOFs to be used in functional devices. We base our investigation
on the electrochemical synthesis route of a showcase MOF, CuBTC. The electrochemical
route to CuBTC offers fast synthesis throughput, tunability of the final product through the
electrochemical potential and the possibility to easily synthesize MOF surface coatings and
as such is an interesting starting point. Our insight will help generalize these advantages

specific to CuBTC to a larger variety of MOFs.
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1.1 Structure of metal-organic frameworks

The crystal structures of newly synthesized MOFs are routinely investigated and unraveled

[36.37] Often, the crystal structure can be

using for example X-ray diffraction experiments.
reduced to a specific secondary building unit (SBU) that describes the interaction between
the linker and the metal cation as well as the symmetry of the metal-linker building unit.
They can be understood as the analogue to a repeating unit in a polymer. These building
units can be constructed by taking into account the preferred coordination geometry of the
metal cation (quadratic planar, tetrahedral, etc.) and the angles and distances between the

linker’s functional moieties that bind to the metal cations. 38!

One example of such a SBU is the paddlewheel structure found in many MOFs that in-
clude aromatic carboxylic acids as the linker molecules and divalent metal cations.!>*! Four
carboxylic acids coordinate to two metal cations to form a dinuclear complex as shown in
Figure 1.1 on the left. Each oxygen binds to one of the metal cations so that each cation
is coordinated in a quadratic planar fashion by linker molecules (the vacant axial positions
are commonly occupied by solvent molecules). As the linker molecules themselves have
multiple binding moieties, they will be part of several of these building units and serve as
their connector (see Figure 1.1 right). The symmetry (angle between the functional moieties
and their amount per molecule) and length of the linker will determine how the SBUs can
connect to each other. Knowledge of the SBU and their connectivity can therefore help
predicting the crystal structures of MOFs and by that the shape and size of the pores in
the framework. As the pores largely determine possible applications, the SBU concept is a
valuable tool in the development new materials. Rationally planned syntheses that exploit

the SBU concept to predict the structure of MOFs are called reticular syntheses. 4"

1.2 Metal organic framework synthesis

Commonly, MOFs are produced using a metal salt and the corresponding linker molecule in
a suitable solvent. In the solvothermal synthesis, high temperatures and pressures usually
have to be applied for long periods of time (sometimes a week or more) to produce a

significant amount of material. Some syntheses with the aim of speeding up the MOF
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Figure 1.1 Scheme for the concept of secondary building units. left: Sketch of the molecular
structure of a single paddlewheel building unit as found in many carboxylate-based MOF
structures. Right: Schematic representation of multiple paddlewheel units interconnecting
into a network based on the symmetry of the connecting linker.

formation using microwave irradiation or ultrasonication to trigger the crystallization have
been developed. 41421 After these solution based syntheses the material is usually obtained
through centrifugation or suction filtering as a crystalline powder of varying dispersity. The
crystal sizes range from hundreds of nm to tens of um. While the so obtained material is
suitable for general characterization of a new material, the powder itself is fairly difficult to

bring into a more usable form, such as i.e. a gas-sieving membrane, post synthetically.

To produce more functional devices such as substrate bound MOF crystals, instead of
dispersing the powder obtained from a classical synthesis on a substrate, the synthesis of the
MOF itself is laid out from the beginning so that the crystals nucleate on the substrate. The
produced materials are commonly called SURMOFs (Surface MOFs). SURMOF syntheses
are often not continuous, involving multiple *dipping’ steps of the substrate into solutions of
the linker, washing solvents and the metal ion precursors separately, a procedure commonly
called layer-by-layer (LbL) synthesis.[3! Using this concept, some MOFs can be brought to
i.e. specifically nucleate and grow on polymeric substrates such as acrylonitrile-butadiene-
styrene. 44! Alternatively self-assembled monolayers (SAMs) of alkyl-thiols with functional
terminations such as -COOH, -OH or -CF3 have been shown to enable MOF nucleation on
gold substrates.*>! On these SAM:s the choice of thiol-termination strongly influences the
structure of the first layer of adsorbed metal ions, leading to a preferential orientation of the
grown crystals.[*®! These methods of producing substrate-anchored MOF crystals usually

involve labor- and time-intensive dipping, incubation and washing steps.
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Other, less labor-intensive processes based on the solvothermal synthesis exist. These
methods involve pre-aging a synthesis solution. In a first step an oversaturated synthesis
mixture of linker and metal ions is subjected to conditions similar to the solvothermal
synthesis for a short time (2 days - 2 weeks). The aged solution is obtained as a filtrate
afterward. In a second step a substrate modified with for example a SAM as in the LbL
approach 7! or a polydopamine coating[*®! is immersed into the aged solution. The synthesis
solution with the immersed substrate is again subjected to solvothermal synthesis conditions.
Over multiple days a MOF film grows on the substrate. The synthesis times are usually in
the range of a week and rapid throughput synthesis seems impossible. Additionally, the
exact conditions for the pre-aging of the solution have to be developed for every synthesis

separately.

In 2004 BASF patented a route to electrochemically produce MOFs.[*’l Academic research
in the field of MOF electrosynthesis followed.P%2! It was found that the electrochemical
synthesis could in the case of some MOFs be used to more easily produce MOF coatings
on surfaces in one step. Additionally, the electrochemical synthesis significantly reduced
the synthesis times down to tens of minutes, as opposed to days and weeks for the classical

solvothermal synthesis.

On one hand, cathodic electrochemical synthesis protocols were developed. The group
around Mircea Dincé for example pioneered an approach using probases to trigger MOF
growth. 53 The probase, such as a triethylammonium salt, is used as a proton ’sponge’. Using
a negative electrochemical potential the probase can be deprotonated directly at the electrode
(and the protons are reduced to hydrogen gas) which in turn enables the deprotonation of a
carboxylic acid linker by the probase. The deprotonation itself is an important step in the
activation of the linker molecule to enable it to coordinate to the metal cation that is present
in the synthesis solution. Modulating the electrochemical potential allows modulation of the
local pH in front of the electrode through the probase. With this approach Li and Dinca were
able to deposit stacked biphasic MOF films, comprised of two different MOF structures, on
the same electrode in the same solution, by simply changing the electrochemical potential

partway through the synthesis. >4

On the other hand, in anodic electrosynthesis, the metal component of the desired MOF is

provided as a pure metal electrode. The metal electrode is oxidized and dissolved at usually
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very high electrochemical biases (up to 30 V) in a solution of the linker molecules. An
electrolyte is added to the solution to support conductivity. The oxidation and dissolution
of the metal provide the necessary metal ions in high concentrations directly in front of
the metal surface. Ameloot et al. found that this anodic electrochemical route could not
only produce a significant amount of material within only a few minutes of synthesis time
but also that one specific MOF, CuBTC, seems to preferentially nucleate and grow on the
surface of the copper electrode.>! So far it is unclear why CuBTC, as well as for example
Ui0-66,15> specifically show on-surface growth while the majority of other MOFs like ZIF-8
or MIL-100 grow in solution.®! Tt was also found that the current density which can be
influenced through the choice of the synthesis potential had a direct influence on the size of
the grown crystals. Higher potentials lead to larger crystals, giving an easily controllable

parameter that can be tuned during the synthesis to produce a desired material.>!!

Especially anodically synthesized CuBTC, a MOF consisting of Cu?* ions and 1,3,5-benzene
tricarboxylic acid, found a variety of uses in the fabrication of micro-structured MOF devices.
Due to its on-surface growth, CuBTC could be grown in predetermined shapes and patterns in
the micro- to millimeter length scale. For example, a copper net electrode was used to produce
a high-surface area device that could function as an efficient gas-separation membrane, [>°!
whereas others have produced CuBTC out of the micro-structured copper patterns on a
printed circuit board.’®! CuBTC can even grow into more elaborate meso-structures, such as
a macroporous device (pore sizes in the range of a few um) made out of MOF crystals in the
size range of 100-200 nm (see Figure 1.2 for a schematic illustration).>”! These examples
of CuBTC'’s ability to be brought into specific shapes, makes it an interesting case to study
concerning its formation mechanism. Insight gained on the molecular mechanism of CuBTC
growth can help inform the development of synthesis procedures that aim to emulate its
unique properties (such as the on-surface growth). CuBTC is to date one of the work horses
of the MOF community to understand the processes during the synthesis and the interaction
with adsorbates. 58! It was one of the first MOFs to be synthesized solvothermally %% and

has dominated the literature on electrochemical MOF synthesis. %]
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Flat Au electrode Si0, colloidal template

1pm
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Langmuir Electrochemical
-Blodgett deposition
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Macroporous Cuelectrode

Template LA 4 A4 4 Electrochemical
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Figure 1.2 Schematic illustration showing the experimental steps performed for the synthesis
of the hierarchical macro-/ microporous CuBTC. Adapted from [57] with permission of The
Royal Society of Chemistry

1.3 The mechanism of metal-organic framework synthesis

To fully exploit the adaptability of MOFs we do not only need to understand their structure
but we also need insight on how they form in the first place. Currently, many new MOFs
are found through trial-and-error and their possible applications are usually only discovered
afterward. If we aim to make MOFs a universal building block of functional devices in gas
adsorption, catalysis and molecular sensing we need to be able to rationally plan the synthesis
of these new materials. Additionally, we not only need to be able to predict and influence
the chemical structure but also the mesoscopic properties of the material such as the crystal
size distribution or the possibility to form surface-bound MOF coatings. Rational synthesis
planning requires a deep and thorough understanding of the physico-chemical processes that

govern MOF growth.

1.3.1 Understanding solvothermal crystallization processes

Until now, most of the research on MOF growth mechanisms is focused on unraveling the
nucleation and crystallization dynamics during the solvothermal synthesis. MOFs show a

large variety of different mechanisms for crystal growth.

Zeolitic imidazolate frameworks (ZIFs) are topological isomorphs of zeolites. They are
composed of tetrahedrally coordinated transition metals (MN,-units) and connect through
imidazolate linkers. Many different ZIF structures have been found (>100). (611 What seems

to combine all of them mechanistically is that the crystals form from amorphous cluster
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intermediates. The formation of ZIF-8 has been studied using small- and wide-angle X-Ray
scattering.*%] The material crystallizes from cluster-like intermediates with around 1 nm
in size. This was confirmed by Patterson et al. who could follow the growth of ZIF-8 in
in-situ TEM studies, finding that the addition of those intermediates is the rate-determining
step of ZIF-8 formation in solution.[?] Comparably, microrods produced from ZIF-7 are
assembled from even larger nano-building blocks (5.5 nm size).!%*! ZIFs also generally show
a fast formation of these intermediate clusters and the first nuclei, with further growth of the
crystals being significantly slower. These findings match the general growth mechanism that

has been found for zeolite structures themselves. [04]

The MIL (Material of the Insitut Lavoisier) class of metal-organic frameworks consists of
octahedrally coordinated metal cations (such as V, Al, Cr or Fe) and dicarboxylic acids
as linker molecules. The coordination sphere around the metal is often composed of four
dicarboxylic acid linkers and two oxygen atoms, either from hydroxide (MIL-53) or oxygen
(MIL-47). The SBUs connect into one-dimensional rhombic-shaped channels building at
times flexible materials that can ’breathe’ upon adsorption of molecules. %> As they form
the same structures with different metal cations, they have been investigated as to how the
choice of metal ion influences the kinetics of crystal growth. The rate of MOF production
for these materials has been found to follow the lability of the metals (#(V) > r(Al) > r(Cr),
with r the formation rate of the MOF), indicating that MOF growth is still very much
connected to classical coordination chemistry.!%®! Aluminium and aminoterephthalic acid
can form different MOF structures (NH,-MIL-101 and NH,-MIL-53) depending on the
chosen conditions such as solvent and temperature. Stavitski et al. could show that the
formation of NH,-MIL-101 proceeds through a structurally similar intermediate structure
(NH,-MOF-235). [63.67] The intermediate is the kinetic product of the precursors (Al and
aminoterephthalic acid). At high linker concentrations in good solvents for the linker the
formation of this intermediate and NH,-MIL-101 afterward is favorable to the formation of
the thermodynamically favorable product NH,-MIL-53. Both kinetic products can, however,
be transformed into the NH,-MIL-53 at high temperatures. The intermediate itself could be
quenched, isolated and investigated. This study indicates the importance of understanding the
interplay between the components of a synthesis solution. From this knowledge it is possible

to predict the outcome of a synthesis based on the conditions used and different MOFs can
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be synthesized from the same starting materials. The formation of many MIL-type MOFs
also occurs through an amorphous intermediate/precursor as has been shown for MIL-89(Fe)

(with a muconic acid linker)[®! and MIL-53(Fe). 6]

Terephthalic acid (BDC) is a versatile linker that not only forms MIL-type structures but
is also used as a building unit for one of the first-reported frameworks, MOF-5, which
forms from zinc and BDC.!!3] The formation of MOF-5 has been investigated using in-situ
time-resolved light scattering. Similar to the ZIF-family, MOF-5 nucleation is fast while
the crystal growth is slow in comparison.[”! In-situ AFM was used to follow the growth of
MOF-5 crystal facets and it was found that the crystal facets grow in a spiral-like fashion

with doubled building units (ZnO4-clusters) adding onto the existing crystal at a kink site. (711

The addition of complete building units to an existing crystal has also been observed for
CuBTC. In-situ AFM shows a step-by-step growth onto existing CuBTC facets. The height
of the emerging steps matches the height of a single CuBTC paddlewheel unit, contrary to
attachment of two building units seen for MOF-5.17273] CuBTC also shows differences to
the previously discussed MOFs as nucleation persists throughout the whole growth phase
of the crystals and the kinetics of the synthesis are nucleation dominated.!’*731 CuBTC
is also the MOF most commonly produced using the LbL synthesis approach mentioned
earlier. The LbL-approach allows to investigate the coated substrate after every growth cycle.
Using ex-situ AFM after varying amounts of growth steps allowed Ohnsorg et al. to identify
the growth of CuBTC to follow a Volmer-Weber growth mechanism on the surface of a
self-assembled thiol monolayer on gold.[7%! They observe that higher synthesis temperatures
promote the formation of coatings with less surface-roughness. In addition they see that the
temperature has an effect on the preferred orientation of the crystals on the solution. Care has
to be taken in transferring the insight gained here directly to the homogenous solvothermal
growth. The surface acts as a nucleation site and as such the mechanism of the LbL. growth

might not be directly transferable to the solvothermal synthesis.

The LbL approach has also been realized using flow cells that allow an exchange of the
solution over the substrate in-situ. Using quartz crystal micro balance and surface plasmon
resonance it was found that while the synthesis of CuBTC on the surface of a gold substrate
modified with a thiol-SAM is possible using copper acetate as a copper source, copper nitrate

does not promote crystal growth.!””-781 The reason was found in the fact that copper acetate
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already exhibits a paddlewheel structure in solution and can therefore add onto the existing
crystal surface as a complete copper-acetate SBU during the copper-addition steps of the
synthesis. Upon introducing the BTC linker, the acetate ligand gets replaced by BTC that can
now serve as the anchor point for the next copper addition step. Copper from copper nitrate
seems to not be able to attach to the existing MOF facets on the crystal surface without the
BTC linker present, as its solution structure cannot easily transform into the paddlewheel
structure without BTC present. Additionally, the (100) facet of CuBTC grows significantly
slower than the (111) facet. This is supported by the fact that CuBTC generally quickly

grows into octahedral crystals with only (111) facets.

Our brief review above shows that most of the insight gained on the formation of MOFs
is focused on crystallization and nucleation. As the commonly used scattering techniques
(X-ray and light scattering) can only detect particles in the nanometer range, molecular-level
insight into the chemical processes during the synthesis is rare. The insight we do have on
the molecular scale shows that CuBTC in general grows by adding complete building units

to the outside of an existing crystal.

1.3.2 The electrochemical CuBTC growth mechanism

The electrochemical synthesis has so far not found widespread use in MOF fabrication.
The previously detailed advantages of short synthesis times, on surface-growth of (at least
some) MOFs and in-situ control over the synthesized material (crystal size and linker-
choice) through the electrochemical potential, however, make the electrosynthesis of MOFs
a promising field for device fabrication. The issue that prevents the more general use of ec
synthesis lies in the generalization of these situational advantages to the whole library of

available MOF structures.

Similar to the solvothermal synthesis, we lack knowledge about the molecular processes
during electrochemical MOF growth. CuBTC i.e. shows the often-desired on-surface growth
and finding the molecular origin of electrochemical surface-growth would facilitate the search

for more easily produced MOF films.
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Figure 1.3 Proposed mechanism of MOF anodic electrodeposition and SEM pictures, taken
at a 75° angle with the normal, of the four phases: (a) initial nucleation, (b) growth of islands,
(c¢) intergrowth and (d) detachment. Copper-coated wafer substrate, 2 V vs. Pt counter
electrode, after 10 s, 10 min, 60 min and 125 min. Reproduced with permission from [79] -
Published by the Royal Society of Chemistry.

Only few scientists have so far tried to unravel the mechanism of electrochemical CuBTC
growth. Initially, it was theorized that the mechanism underlying anodic MOF production is
a sequence of metal oxidation and dissolution and subsequent linker coordination in solution.
The crystals can then deposit onto the electrode, as the growth is confined to a thin layer
in front of the electrode.!! This would mean that in its essence anodic synthesis follows
the same mechanism as the conventional solution-based route discussed before. However,
the key differences in reaction rate and on-surface MOF growth cannot be explained by this

simple assumption.

Campagnol et al. have identified four stages to anodic CuBTC growth on copper-coated
wafer substrates. 7! They differentiate between initial nucleation (a), growth of islands (b),
intergrowth (c) and detachment of crystals (d, see Figure 1.3). Electrochemical quartz micro
balance studies indicate a potential-dependent induction period for the nucleation in Phase
(a) that Campagnol attributes to the time needed to build up a critical concentration of Cu?*

in front of the electrode.

In Phase (b), the island growth stage, they observe, on top of the growth of existing nuclei, that
further nucleation seems to be concentrated around already existing crystals. They attribute
the concentrated nucleation to a higher current density around existing crystals, locally
increasing the Cu?* concentration above the critical nucleation concentration. Phase (c), the
intergrowth phase, shows the for CuBTC observed self-closing nature of the electrochemical

synthesis. Since CuBTC is an electric insulator, crystals attached to the surface passivate
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parts of the electrode. CuBTC can only grow where there is significant concentration of Cu?*
available, meaning it will preferentially grow on the non-passivated parts of the electrode
surface, since this is where most of the Cu?tis produced. Therefore, over time, the electrode
area will start closing off leading ultimately to the formation of a compact, insulating layer of
CuBTC. During the last step, phase (d), crystals start to detach from the surface. The exact
reason behind this detachment is unknown. Campagnol et al. attribute the detachment to the
crystals falling off as the Cu support underneath the CuBTC slowly dissolves to form more

Cu2+

Most of Campagnol’s conclusions also only concern the growth of crystals on the mesoscale.
To fully understand electrochemical CuBTC synthesis we need to gain molecular level insight
on the exact oxidation mechanism of copper to Cu?* and the assembly of the linker and
the copper ions. Finding the chemical reason behind the on-surface growth of CuBTC will
support the engineering of MOFs toward applications in i.e. thin-film devices. Understanding
the origin of the vastly increased speed of electrochemical MOF synthesis can inform
improvements in solvothermal synthesis protocols as well as guide the scale-up of MOF
production. In this thesis, we will provide the necessary molecular-scale insight and answer

these questions to expand the synthetic toolkit for the production of functional MOF materials.

1.4 Thesis outline

This thesis sets out to give a comprehensive insight into the molecular-level physicochemical
processes during electrochemical CuBTC synthesis. We explain the redox chemistry during
the initial oxidation of copper and find a reason for the on-surface nucleation and growth
of CuBTC. Finally we present new insight into the solution chemistry of CuBTC synthesis
which helps answer the question about the rapid growth of electrochemically synthesized

CuBTC when compared to classical synthesis routes.

Chapter 2 gives an introduction into the physico-chemical principles and methods used in the
course of this work and their significance to our scientific questions. The methods we use are
cyclic voltammetry, in- and ex-situ optical as well as vibrational spectroscopies and scanning

electron and atomic force microscopies. We show the characterization of a typical CuBTC
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sample, synthesized using the electrochemical pathway, which will serve as a basis for the

discussion of the later results.

Chapter 3 presents our results on the oxidation mechanism that yields Cu®* from the copper
electrode. We will show that a Cu(I) oxidation state in the form of Cu,O is a necessary
intermediate to ultimately produce Cu’*. Chemically disabling pathways to produce Cu,0
leads to a failure to produce CuBTC. We use the insight gained to develop an easy procedure

to produce patterned MOF coatings.

In chapter 4 we investigate the molecular-level interaction between BTC and the copper
electrode under electrochemical conditions using cyclic voltammetry and vibrational spec-
troscopy. We see the potential-dependent formation of an adsorbed layer of BTC on the
surface of copper. The closer the applied potential is to the synthesis potential of CuBTC,
the denser the adsorbed BTC layer becomes. Above the synthesis potential of CuBTC, we
observe the slow transition of this adlayer into a surface bound coating of CuBTC. We con-
clude that the strong adsorption of a BTC layer onto the Cu surface not only helps with rapid
nucleation of CuBTC in front of the electrode but that the BTC self-assembled monolayer
could also serve as a seeding layer onto which the first CuBTC crystals nucleate. We propose
using other metal-linker pairs that show similar strong specific interactions to narrow down

the search for other surface-bound MOFs.

In chapter 5 we use kinetic data obtained through UV/VIS absorption spectroscopy during
the homogeneous nucleation/growth of CuBTC from copper-nitrate and BTC to gain insight
into the coordination chemistry between Cu?* and BTC and into the kinetics of CuBTC
growth. We find that, contrary to intuition, high concentrations of BTC have an adverse
effect on the rate of CuBTC growth. Based on our observations, we propose a chemical
reaction sequence including an overcoordinated, slow-reacting Cu-BTC species that hinders
CuBTC growth at high linker-concentrations. We numerically simulate our model and find
qualitative agreement between the model and the experimental data. We synthesize CuBTC
under different concentration conditions both solvothermally as well as electrochemically.
While we do not find significant difference in the mesoscopic properties of the solvothermally
produced samples, the electrochemical synthesis shows differences in crystal size and surface
coverage of the synthesized material. The properties of the synthesized material can be

explained with our reaction model. Our results help answer the question about the rapid
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growth of electrochemically synthesized CuBTC and help inform further development of

solvothermal synthesis protocols.

Chapter 6 summarizes our results and finishes by providing guidelines for possible future

research.






Chapter 2

Principles and techniques

In this chapter, we will briefly explain the physicochemical principles and techniques used
in chapters 3-5. We will show the procedure for the electrochemical synthesis of a CuBTC
sample and show a characterization of this sample which will serve as a basis for discussion

in later chapters.

2.1 Electrochemistry

The field of electrochemistry studies chemical changes induced by an electrical current or the
production of electrical current by chemical reactions. An electrochemical system typically
consists of two electron conducting electrodes and an ionic/mass conducting electrolyte. A
bias applied between the two electrodes can trigger spatially separated reduction/oxidation
reactions. The electrode at which reduction reactions take place is called a cathode, the

electrode at which oxidations take place is called an anode. [30-81]

2.1.1 Electrode potential and electrochemical equilibrium

The electrode potential is the fundamental concept of electrochemical research. When a
potential is applied to an electrode the Fermi level of the electrode is changed. The Fermi

level denotes the electronic energy level that, at thermodynamic equilibrium, has a 50%
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probability of being occupied. Therefore it is also equal to the energy needed to transfer an

additional charge from vacuum into the solid phase.

As the electrode potential is changed, and thus the Fermi level of the electrode changes,
chemical changes at the electrode and in the surrounding medium can be triggered. Redox
reactions, in which a chemical species either loses an electron (oxidation) or gains an electron
(reduction) are one of these possible processes.!®%! The electrode supplies/takes up the
necessary electrons for the reaction. The thermodynamic equilibrium condition at a specific

electrode potential E can be described using the Nernst equation

RT
E:EO——F vilng; 2.1)
n

with v; the stochiometric numbers (positive for products/reduced species and negative for
reagents/oxidized species) of the active species, a; the activities of the active species, R, T, n
and F' the universal gas constant, the temperature, the amount of electrons transferred during
the reaction and the Faraday constant respectively. EV is the standard reduction potential
for the specified reaction which is usually measured and reported versus a normal hydrogen
electrode (NHE), with all species at unit activity. The Gibbs free energy difference for the

reaction, relative to the NHE reference reaction, is given by
AG® = —nFE° (2.2)

For every applied potential E a specific chemical equilibrium between the chemical species
will establish at the interface between the electrolyte and the electrode in order to fulfill

equation (2.1).1301

Molecular adsorption/desorption or reorientation processes can also be triggered using the
applied potential.[82 An adsorption process is generally connected to at least a partial charge

transfer between the molecule and the metal:
AT — AT 4 dem (2.3)

With A% a molecule in the electrolyte with charge z, Aé}“’l the adsorbed molecule and A the
charge transferred during the adsorption process. A can be a positive or negative rational

number and z a positive or negative integer (or 0). Conceptually, adsorption/desorption or
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reorientation can therefore be understood in the same way as redox reactions. As partial
charges are transferred, the applied potential will influence the equilibrium between the free

species A% and the adsorbed species A 4y. 3"

As the thermodynamic equilibrium is formed at the electrode/electrolyte interface a certain
amount of electrons needs to be transferred to/from the electrode. In order to keep the overall
charge balance of the system the electrons will originate from a counter-reaction at the second
electrode. The electrons transferred through the connecting wires between the electrodes
can be measured as a current. Most electrochemical measuring techniques are based around
measuring the current originating from the processes at the electrochemical interface at an
electrode of interest upon changing the applied potential. The opposite experiment is also
possible, where the system is forced to supply a certain current and the effective potential at
the electrode of interest is measured, giving insight into the thermodynamics of the reactions

taking place.

Large currents passing through an electrode can change its effective potential. In a two-
electrode system, the potential is applied between the same two electrodes between which
the current flows. This leads to inaccuracies in the determination of the actual potential at the
electrode of interest (commonly called the working electrode, WE). As the potential is set as
a bias between the electrodes, changes in the electrode potential of the second electrode due
to large currents will also influence the potential at the WE. The potential reference point
becomes undefined and absolute potential information is lost.3% To overcome this limitation,
which is especially prevalent in electrode dissolution reactions with high currents, a three-
electrode setup can be used. Here, three electrodes are introduced into the electrochemical
cell: the WE, the processes at which we want to study. The counter electrode (CE) through
which the current flows and a reference electrode (RE) against which the potential of the
WE is set. As now current and potential measurements are separated from each other, the

potential at the WE can be accurately determined.

In this thesis all potentials are reported versus a copper reference electrode as the MOF
literature on electrochemical CuBTC growth mostly uses copper reference/counter electrodes.

The potential of the pseudo Cu reference is around 0.21 V vs NHE.
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2.1.2 Cyclic voltammetry

Cyclic voltammetry is one of the primary electrochemical measurement methods. It gives
information about the thermodynamics of the investigated system as well as the kinetics
of the electron transfer processes and is therefore usually the starting point of any in-depth
electrochemical characterization. '] The principle behind cyclic voltammetry is that the
potential of the WE is scanned at a constant rate v = %, with E the applied potential and ¢
the time, back and forth between a lower and an upper vertex potential. The current / passing
through the WE is measured over time and then plotted versus the applied potential. 3]
Peak positions in the current vs potential curve give indication about the energetics of
electron transfer processes, electrochemical modifications of the electrode itself (such as
oxidation) or molecular adsorption/desorption/reorientation. If the triggered process is a
simple reduction/oxidation reaction of a chemical species in solution, a current peak forms
due to diffusion limitation. The chemical species being consumed in the electrochemical
interface has to diffuse from the bulk to the electrode. At some point the diffusing supply
cannot keep up with the amount consumed at the electrode leading to a drop in the current.
For processes involving a change of the electrode itself, such as surface oxidation of the
metal, peaks can form due to a passivation of the metal surface by the formed oxide. When

the coating that is formed is non-conductive the current drops as more and more electrode

area is passivated.

2.2 Spectroscopy

Spectroscopy, the study of the interaction between electromagnetic radiation and matter, is a
valuable tool to understand molecular processes without being able to directly visualize them.
Vibrational spectroscopies, such as Raman spectroscopy, allow identification of inorganic
materials and organic molecules. In organic molecules specific moieties can be distinguished
and through changes in the energies of vibrational modes we can learn about the interaction of
these moieties with other molecules/materials. Optical spectroscopy in the ultraviolet/visible
(UV/VIS) range gives us access to the valence electronic states in transition metal complexes

(and organic molecules) as UV/VIS light can excite electronic transitions. 33 The electronic
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states contain information about i.e. the coordination sphere (number of ligands, ligand shell
geometry) around the central metal ion in transition metal complexes. UV/VIS spectroscopy

therefore allows us to investigate the ligand shell of these complexes.

As MOFs are the result of specific interaction between transition metal centers and organic
moieties both kinds of spectroscopies yield important insight into the molecular processes
during MOF formation. We use Raman spectroscopy to identify CuBTC in synthesis products
to investigate the interaction of BTC with its surroundings (see Chapters 3 and 4). In addition
UV/VIS spectroscopy gives us valuable insight into the coordination sphere around the Cu?*
centers during the synthesis of CuBTC (see Chapter 5). Here, we provide a basic theoretical

background for both techniques that will help understand the results we present later.

2.2.1 UV/VIS Absorption spectroscopy

When matter absorbs light in the UV/VIS range usually electrons are being excited into
a higher electronic energy state.[¥* As such, UV/VIS spectroscopy is able to probe, for
example, the energetic difference between the HOMO (highest-occupied molecular orbital)
and the LUMO (lowest unoccupied molecular orbital) in a chemical species. In transition
metal complexes the energetics of the HOMO-LUMO gap are mainly determined by the
geometry and composition of the ligand sphere around the central metal ion. A conceptual
model to envision the energy levels involved in the HOMO-LUMO transition is crystal field
theory (CFT). 8586

In essence, CFT describes the breaking of degeneracies of electron orbital states in transition
metal ions upon spatial approach of complexing ligands. The five-fold degenerated outer
d-orbitals of transition metals split their energy levels due to a geometrically distributed static
electric field produced by the ligands. This static electric field originates from the negative
charge of the ligands - or in the case of an uncharged ligand (such as water), the disturbing

field originates from lone electron pairs on the ligands.

Depending on the electronic properties of the ligand, such as i.e. the energy levels of the
electronic orbitals, and the geometry in which the ligand shell assembles around the central

metal cation, the extent of the d-orbital splitting and how the orbitals split will change. Figure
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Figure 2.1 Scheme for the d-orbital splitting in transition metal complexes for commonly
observed ligand shell geometries (octahedral, tetrahedral and square planar). Below the
energy diagrams, a schematic representation of the complexes is shown with M being the
metal center and L being the ligands coordinating to the metal.

2.1 summarizes three common ligand shell geometries and shows the respective d-orbital

splittings.

The energy difference AE between the d-orbitals is usually in the energy range of UV and
visible light. If the d-orbitals of a transition metal complex are not completely filled with
electrons (as is the case for the d9-ion Cu?* in CuBTC), an electron can be excited from the
highest occupied d-orbital into an unfilled orbital. As a specific example: For a Cu?* ion in
the quadratic planar configuration in the electronic ground state, the four lowest d-orbitals
will each be filled with two electrons (dy;, dx;, dxy, d,2). The last orbital (dxzfyz) will be
filled with a single electron. A photon with an energy that matches the energy difference
of the d,>_» orbital to one of the lower lying orbitals can be absorbed by the complex and
excite an electron into the d,>_» level. This can be measured in a UV/VIS experiment as an

absorption. [}

As the exact energetics of the ligand field depend on the metal ion (the element and oxidation
state), the coordination geometry of the ligand shell and on the chemical nature of the ligand,

the UV/VIS absorbance of complexes with different ligand shells are different. We use
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this fact to investigate coordination chemistry of Cu>* and BTC in solution using UV/VIS

spectroscopy in chapter 5.

The absorbance A(A) of a sample at a specific wavelength is given by Beer’s law. 83
—log, 0T = A(A)=d-c-€(A) (2.4)
T = }—0 (2.5)

with T the transmittance of the sample (the quotient of the intensity of light transmitted
through the sample /; and the light transmitted through the standard Iy), d the pathlength
through the absorbing medium, c¢ the concentration of a chemical species in the probed
medium and €(A) the molar absorbance coefficient of the chemical species at the chosen
wavelength. € is a material property. Absorption of multiple chemical species can be summed
up to determine the total absorption of a sample if there are no interactions between the
different absorbing species. This assumption for example does not hold, when there is energy

transfer between the molecules (as in Forster resonant energy transfer).

We use UV/VIS absorption spectroscopy in chapter 5 to get kinetic information about the
formation of CuBTC in solution. CuBTC itself has a strong absorption band around 710
nm due to a d-d transition as explained above. Additionally an absorption edge around 350
nm due to a direct charge transfer from the ligands to the metal can be observed. [4487-88]
The absorption spectrum is different to the spectrum of a copper nitrate precursor (A;qy =
800 nm) that is commonly used for the solvothermal synthesis of CuBTC. The change in
the ligand shell between the solvated Cu®* ion (with usually 4-6 coordination sites) and the
dinuclear paddlewheel complex leads to the described change in the absorption spectrum.
The spectrum can therefore be used to identify the two different chemical species and even
determine their concentrations according to (2.5), which builds the foundation for our kinetic

investigation.

Instrumentation

The UV/VIS spectra were measured using an integration sphere setup on a Perkin Elmer
Lambda 900 spectrometer. The integration sphere is necessary as growing CuBTC crystals

rapidly approach sizes in the range of several hundred nm and thus show increasing elastic
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Figure 2.2 Scheme of the operation principle of the integration sphere used for UV/VIS
absorbance experiments.

scattering of light. This elastic scattering is wavelength dependent (lower wavelengths are
scattered more strongly) and dependent on the size of the particles (larger particles scatter
light more strongly). As the elastic scattering occurs in first approximation almost spherical
in all directions, in a UV/VIS absorbance experiment particles in size ranges larger than
~ 50 nm will show an apparently higher absorbance than would be expected from pure
electronic excitations. The additional absorbance stems from the light scattered away from
the detector. To best eliminate the scattering contribution to the measured absorbance of
the sample, an integration sphere is used to collect all of the light scattered and transmitted
in an almost 180° cone behind the sample cuvette. The sphere redirects the light through
diffuse reflection into the detector as shown in Figure 2.2. Still, not all of the scattered light
is collectible and as such the data measured from such turbid solutions will inherently show
an effective absorbance that is a combination of the absorption due to electronic transitions
in the material and elastic scattering. The larger the particles in the measured solution, the

larger the absolute induced error will be.

2.2.2 Raman spectroscopy

In 1930 the Indian physicist Sir Chandrasekhara Venkata Raman was awarded the Nobel prize
for the discovery of inelastic light scattering of photons by matter.8?! Photons impinging
on molecules can (de)excite vibrational and rotational modes when being scattered. The

scattered photons therefore have higher energy than the incident photons in the case of a
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Figure 2.3 Scheme showing the energy levels involved in the Raman process. Generally the
frequency of the incoming light v;,,. is fixed. The scattered light is detected and the difference
between the energy of the incident photons and the detected photons with frequency vg or
Vas gives the energetic information about the vibrationally excited state Sp ;.

molecular deexcitation (Anti-Stokes scattering) or lower energy, when vibrational/rotational!
modes in the molecule are being excited (Stokes scattering). ! This inelastic scattering
process is in contrast to the elastic (Rayleigh) scattering, where the scattered photons have the
same energy as the incident photons. Independent of the energy of the incoming photons the
energy difference AE between incident and scattered light is characteristic to the scattering
molecule since it solely depends on the energy difference between the vibrational states of

the molecule.

Raman scattering can be visualized using the energy scheme shown in Figure 2.3. As inelastic
scattering is an instantaneous process (as opposed to absorption-emission in fluorescence),
the intermediate, excited energy state can be a virtual state. Since the transition probability
into the virtual state is very low, the inelastic scattering cross sections are small (integrated
Raman cross sections: 1072° to 103! cm?,1°?! compared to i.e. ~107!6 cm? for absorption
or fluorescence!®3)). Strong light sources (Lasers) are therefore used for Raman spectroscopy

and the Rayleigh scattered light has to be filtered from the detected signal.

IFor ease of reading, we will only mention vibrational modes from here on. This conceptually also includes
rotational excitations
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A molecule or chemical species that provides an electronic state in resonance with the
incoming light, however, presents an actual existing electronic state for the Raman process.
The presence of this state can significantly increase the cross section for inelastic scattering
as now the transition probability into the excited state is much higher compared to the

non-resonant case. [94]

Raman spectra are commonly reported as the intensity of the inelastically scattered light
versus the Raman shift in reciprocal centimeters. The Raman shift is defined as Aw =
(t — %) with Ay the wavelength of the incident laser radiation and A4, the wavelength of
the detected scattered light.[°#] The Raman shift is directly proportional to the difference in
energy AE between the two vibrational/rotational states in the chemical species being probed
and Raman spectra measured with different excitation wavelengths can be directly compared

with respect to their band positions.

The position of Raman bands depend on the molecular vibrations that are being excited.
The frequency of these vibrations is correlated with the mass of the atoms involved in the
vibration and the strength of the bond between them. Atoms with low atomic weight as well
as strong bonds show high Raman shifts.[”>) Raman spectroscopy can be used to monitor
changes in the environment of molecules. When a molecule binds to another chemical
species, electronic density inside the molecule will be redistributed and the strength of the
bonds close to the binding site will change. This change in bond strength will manifest in a

shift of the Raman bands associated with the bonds.

Raman intensities depend on the amount of scatterers that are being probed and the vibration’s
cross-section for the Raman process. The cross-section is proportional to the square of the
change in the molecule’s polarizability during the vibration.!®* Therefore, vibrations that do
not change the molecule’s polarizability are not Raman active. As mentioned before, Raman
cross-sections are low, especially when compared to other optically triggered processes. We
therefore often have to rely on measuring bulk samples (i.e. pure substances) as otherwise
the Raman signal disappears in the electronic noise of the measuring system. This is an
issue, especially when single layers of molecules on surfaces are to be investigated. For some
substrates, we can use a method known as Surface-Enhanced Raman Spectroscopy which we

will briefly discuss below.
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Surface-Enhanced Raman Spectroscopy

About 40 years ago it was discovered that single layers of non-resonant molecules adsorbed
to coinage metal surfaces (such as silver, gold or copper) can be studied using Raman
spectroscopy without facing issues from too low signals.*®8! This seems to contradict the
general observation of low Raman cross-sections. The basis for the high signals observed
in these cases lies in an excitation of localized surface plasmons in rough metal surfaces to
enhance local electromagnetic fields near the metal surface. Plasmons are quasi-particles
that describe the collective oscillations of the free electron gas in a metal. The resonant
frequency of these oscillations lies in the range of visible light for coinage metals. Incoming
light with the right energy can, under the right circumstances as described later, excite
plasmons at the metal surface. These induced electron oscillations can effectively enhance
the local electromagnetic field by up to two orders of magnitude, leading to enhanced Raman
scattering from molecules close to the surface. The method utilizing these plasmonic effects

is called Surface-Enhanced Raman spectroscopy (SERS).

A perfectly flat metal surface cannot act as a Raman enhancer. Since the dispersion curves
of the surface plasmons in the metal and the dispersion curve of light traveling through
free-space do not intersect, momentum and energy conservation cannot be fulfilled at once
and the plasmon cannot radiate.®>191 Surface corrugations can act as a grating and localize
the surface plasmons. This adds an additional term to the momentum vector of the surface
plasmon which enables momentum conservation; the plasmon can radiate and the Raman

signal is enhanced. [*4

On a rough metal surface this matching of surface corrugations to enable momentum conser-
vation is a purely statistical probability; some combinations of corrugations on the surface
will per chance provide the necessary momentum vector and as such make an efficient cou-
pling of the surface plasmon to the far-field locally possible. This leads to the occurrence of
SER hot spots where the Raman scattering is locally enhanced.!!°!1 Only few locations on a
metal surface within a roughly 2 um? laser focus spot will fit the requirements to provide the
necessary momentum and lead to an enhancement of the Raman scattering. Fang et al. have
reported a density as low as 63 sites out of 1 million possible sites.[!?] The enhancement

effect is confined to only a few nanometers (= 10 nm[#) around the hotspot itself. As such



28 Principles and techniques

SERS is inherently a surface sensitive technique and lends itself well to study metal-adsorbate

interactions.

The surface plasmon of copper has its resonance wavelength at 573 nm with still a significant
contribution at 633 nm, a commonly used Raman excitation wavelength.[193] While a lot
of effort has been put forward to engineer improved substrates for SERS,[194-196] even a
naturally occuring, rough copper surface can already lead to significant Raman enhance-
ment. 1971081 We can therefore use an illumination wavelength of 633 nm to measure SER
data on the commercially available copper foils that we use as a substrate for our CuBTC

synthesis as shown in chapter 4.

Electrochemical Surface-Enhanced Raman Spectroscopy

The use of a metal surface as a substrate for Raman spectroscopy opens up even more
possibilities than just using the surface plasmons to enhance the signal. By immersing the
metal surface into an electrolyte and connecting it to a potentiostat in a three-electrode
configuration, we can actively trigger electrochemical processes, such as redox processes
or molecular ad-/desorption, at the metal surface by setting a desired potential between the

electrodes.

Combining SERS with electrochemical techniques (EC-SERS), [109.110] e can monitor the
electrochemical processes as a function of the applied potential. We can learn about i.e.
changes in the adsorption density of a molecule on the metal through changes in the intensities.
Changes in molecular orientation and strength of the bond between metal and adsorbate
can be observed through band position shifts. We combine the surface-enhancement effect
for 633 nm illumination on copper with electrochemical techniques to directly monitor the

interaction between BTC and copper in chapter 4.

Instrumentation

The Raman spectra presented in this work were measured on two Raman systems. All
measurements with 633 nm excitation wavelength were done on a home-built setup with a

35 mW 633 nm Helium-Neon continuous wave-laser. Signal collection was done in back-
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scattering by a long working distance (WD) air objective (Olympus LMPlan FL N, 50x,
numerical aperture 0.5, WD=11.6 mm) at a 55° angle from the sample normal. The laser
power on the sample could be tuned between 150 pW and 25 mW through the use of a set of
neutral density filters. The laser power at the sample was set to 2 mW unless stated otherwise.
The light scattered from the sample (elastically and inelastically) is passed through a notch
filter with a cut-off at ~ 150 cm~! in our Raman scale to filter out the elastically scattered
light. The signal was collected using a nitrogen-cooled camera (Horiba Symphony II). The
spectrograph was a Horiba iHR550. Using the coarsest grating available (400 grooves / mm)

1

the camera can only collect a spectral range of roughly 1600 cm™" around a chosen central

position. For acquisition of spectra with larger Raman shift ranges, multiple spectra had to
be taken with the central grating position changed. L.e. a spectrum spanning 3000 cm ™! is
stitched together from two to three, depending on the desired overlap, separate spectra that

are taken consecutively.

Raman spectra with 488 nm excitation were taken on a commercial Bruker Senterra Raman
microscope. Raman excitation and detection are done through the same objective parallel to
the sample normal. The laser power on the sample was set to 2 mW unless stated otherwise.
The microscope was used for Raman mapping. The Raman maps can be directly correlated

to a white-light image, as done in chapter 3.

Raman spectra had cosmic spikes removed by hand. If background correction was needed
for band integration, it was performed using an asymmetric least squares algorithm.[!!11 A1l

data evaluation was done using custom-built Python or Matlab code.

2.3 Imaging techniques

Since CuBTC generally grows into easily recognizable octahedral crystals in the size range
of a hundred nanometers up to tens of micrometers, imaging techniques can provide valuable
information about the morphology of a CuBTC sample. While the larger crystals (> 1 um)
can even be observed using light microscopy, the most commonly used imaging technique
for MOFs of any kind is scanning electron microscopy (SEM). If more information about the

actual surface morphology of the crystals is desired, atomic force microscopy (AFM) can be
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used. Especially MOF crystals that are oriented parallel to the scanning plane of the AFM
are prime candidates for investigation of the topography of single MOF crystal facets as we

do in Appendix A.

2.3.1 Scanning Electron Microscopy

An SEM produces images by scanning a sample with a focused electron beam. Electrons
impinging on a sample lead to a variety of physical processes that are the basis for different
kinds of detectors in the SEM. The signal measured with a chosen detector is then correlated
to the position the beam was in at that moment in time and the information is reconstructed

into an image of the surface.[!1?]

SEM images give a close to three-dimensional representation of the sample surface. The
very narrowly focused electron beam leads to a large depth of focus (depth in the sample that
is in focus at the same time), which allows imaging of even rough samples in single images
without the need for z-scanning. Through the detector choice the contrast in the image can
be altered to emphasize different materials or differences in topological height of the sample.
Secondary electrons for example are emitted due to inelastic scattering of the impinging
electrons. The high energy electrons (0.6-20 keV) of the beam eject secondary electrons
from the inner shells of the atoms in the sample that have a much lower kinetic energy (=~
50 eV). Due to the low energy of the ejected electrons they generally originate from within
the first few nanometers of the sample. Detection of these electrons gives rise to a strong

topographical contrast.

The resolution of SEM far surpasses the diffraction limited resolution of light microscopy of
~ 400 nm due to the low de Broglie wavelength of the accelerated electrons in the range of

tens of picometers. As such SEM can routinely resolve features down to 1 nm in size.

All SEM images in this work have been measured on a Zeiss 1530 Gemini Leo at varying
acceleration voltages (between 0.7 and 1 keV). For electrochemically produced samples
the copper electrodes themselves were investigated as received from the synthesis. Powder

samples were isolated by centrifugation and spread on carbon tape for investigation in the
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SEM. All images were taken by Gunnar Glasser at the Max-Planck Institute for Polymer

Research.

2.3.2 Atomic Force Microscopy

AFM is a type of scanning probe microscopy that uses the detection of short-range (= 0.1-10
nm) forces between an ideally atomically sharp tip (commonly made from SiN;) and a
sample surface to construct topographic images of the sample surface. When the AFM tip
approaches a sample surface the tip experiences a variety of different possible forces from
the sample (and vice versa). At longer ranges (> 1 nm) attractive forces due to e.g. van der
Waals interactions dominate. When the tip gets closer (= 0.1 nm) Pauli repulsion due to
overlapping electron orbitals of tip and sample starts to dominate the interaction leading to a

net repulsion of the tip. 13!

The AFM tip is fixed to a cantilever, a flexible lever-like bar. In our measurements we use
the constant amplitude measuring mode in which the AFM cantilever is excited to vibrate at
its resonance frequency. The amplitude of the vibration is monitored as the cantilever scans
over the surface. The amplitude of the vibration changes from changing forces acting on
the tip due to surface corrugations or differences in the stiffness of the sample. Feedback
electronics adjust the height of the tip to recover a setpoint amplitude and the changes in
height allow reconstruction of a topographical image of the surface. This measuring mode is
generally favorable to use for soft samples or samples with large height corrugations (such as
MOF surface coatings). The short range of the forces between tip and sample as well as the
advances in the manufacturing of AFM probes has lead to routine AFM measurements with

spatial resolutions below one nanometer, both laterally as well as in height.

In Appendix A we use AFM to investigate the surface of electrochemically and oxidatively
grown CuBTC crystals. The AFM measurements were done on a JPK Nanowizard III,
using cantilevers with 300 kHz resonance frequency in constant-amplitude mode. All image

evaluation was done in Gwyddion.
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2.4 Characterization of electrochemically synthesized CuBTC

Here, we want to briefly show the procedure of a close-to-literature electrochemical synthesis
of CuBTC and characterize the obtained sample with the methods introduced earlier. This

section will serve as a knowledge basis for the discussion in the remaining chapters.

2.4.1 Electrochemical synthesis of CuBTC

For electrochemical synthesis of CuBTC the sacrificial anode (WE) that is oxidized to provide
the necessary Cu®* ions is a piece of copper foil (0.5 mm thick, 1x1 cm?, purity 99.99+%,
Mateck). A hole in one of the corners of the square anode is used to connect the anode to
a 0.25 mm diameter copper wire which is in turn connected to a potentiostat (Solartron SI
1286). A platinum wire (d=0.25 mm) that has been briefly cleaned with MilliQ water (18.2
MQ) and then flame-annealed for 15 seconds is wound into a coil and suspended into the
solution. The platinum wire is connected to the potentiostat as the CE. As a RE a piece of
copper wire (d= 0.25 mm) is connected to the potentiostat and suspended into the solution

close (2-5 mm) to the working electrode.

The synthesis solution consists of 0.15 M trimesic acid (BTC, Santa Cruz Biotechnology, >
98%) and 0.032 M of tributylmethylammonium methyl sulfate (MTBS, Sigma Aldrich >
95%) in 96% ethanol (Sigma Aldrich, 99.9 %) with 4% of MilliQ added (by volume). While
BTC is the necessary linker for the synthesis of CuBTC, MTBS is added as a supporting
electrolyte to ensure the conductivity of the solution. BTC and MTBS, both solid substances,
are weighed in and added to a measuring flask that is then filled with the ethanol/MilliQ
mixture. The solids are dissolved using ultrasonication for 15 minutes. A typical solution

volume is 50 mL.

The home-built electrochemical cell is cleaned in a 5:1 mixture of sulfuric acid (H,SO,) and
hydrogen peroxide (H,0O,) over night prior to an experiment. After removal of the mixture

the cell is boiled three times in fresh MilliQ water.

Typically a potential between 0.2 and 2 V is applied between the RE and the WE for times

ranging between 2 and 20 minutes. In literature the potentials used for maximum synthesis
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Figure 2.4 An example cyclic voltammetry experiment under conditions commonly used for
electrochemical CuBTC synthesis. The electrolyte was 0.15 M BTC and 0.032 M MTBS in
96% ethanol with 4% water. a) shows the potential ramp applied to the working electrode
over time. b) shows the current response versus the applied potential. The arrows indicate
the scanning direction in the respective half-cycles. v =20mVs~!

throughput are up to 30 V.[>!! As we are interested in the molecular processes at the WE and
not in high throughput, we choose lower synthesis potentials as this will lead to lower current
densities, thus lower amounts of copper released from the electrode and slow down the
synthesis. After the synthesis the copper anode is rinsed with ethanol and can be investigated

using Raman spectroscopy and scanning electron microscopy.

2.4.2 Electrochemical characterization of copper in BTC containing

electrolyte

We first want to electrochemically characterize the copper electrode in the synthesis solution
using cyclic voltammetry. Afterward we will look at the evolution of the current during the
synthesis of CuBTC.

Figure 2.4 shows a cyclic voltammetry experiment of the Cu electrode in the synthesis
electrolyte described above (0.15 M BTC, 0.032 M MTBS in 96% ethanol). The RE was a

copper wire, the CE a platinum coil. Figure 2.4 a) shows the potential ramp applied versus
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time. At the start, the potential was set to -0.1 V and then ramped at 20 mV/s until an upper
vertex potential of 0.5 V. The scan direction is reversed and the potential sweeped with the
same velocity until a potential of -0.5 V, where the sweep is reversed again until the starting

potential of -0.1 V is reached.

Figure 2.4 b) shows the current density / versus the applied potential E. The arrows indicate
the potential sweep directions for the two half-cycles. Starting from a potential of -0.1 V vs
Cu in positive sweep direction, the current trace starts slightly above 0 pA and stays flat at
first. After crossing O V vs Cu the current starts increasing considerably. The slope increases
until around 0.2 V from where on it stays constant and the current increases linearly with
the applied potential. After crossing the upper vertex potential at 0.5 V and reversing the
potential sweep, the current decreases linearly with the potential. Below 0.1 V the current
starts leveling off, and stays almost constant, slightly negative, from O V on. After reaching
the lower vertex potential of -0.5 V and reversing the sweep again, the current stays almost

constant until the scan is stopped at O V.

No peaks form in the current trace. Above 0 V an oxidation process takes place that is
neither limited by diffusion of a reactant to the electrode nor by a fast passivation of the
electrode surface as indicated by the lack of peak formation. Even increasing the upper
vertex potential does not change the voltammogram qualitatively, we still observe a linear
relationship between current and applied potential at potentials higher than 0.2 V (not shown).
We assume that the current is limited by the low conductivity of the ethanolic electrolyte, °!!
meaning that as the current increases the increasing potential is used to overcome the solution
resistance R according to R = % However, even increasing the solution conductivity has
shown to not change the qualitative results of the cyclic voltammetry experiments which

shows that the electrochemical process we observe generally does not seem to be limited by

either diffusion or surface passivation.

Figure 2.5 shows the current density passing through the copper anode during the course of
20 minutes at an applied potential of 0.5 V vs Cu in the CuBTC synthesis solution detailed
above. At the beginning of the trace, a current density of 44 uAcm™? passes through the
electrode. The current density drops slightly over the course of roughly 200 seconds to 41

uA cm~2 after which it stays constant within a range of + 0.2 pAcm™2.
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Figure 2.5 Current density over time for a copper anode in 0.15 M BTC and 0.032 M MTBS
in 96% ethanol/4% water at 0.5 V vs Cu.

The current trace confirms that the electrode process is not diffusion limited at long time
scales. A diffusion limited oxidation process would, according to the Cottrell equation, (8]
manifest itself in a constant drop of the current density that is proportional to the square-root
of the time. The trace only shows a slight drop in the beginning (which also does not follow
a square-root dependence) after which the current stays constant. We attribute the drop
in the beginning to a partial passivation of the electrode. We know from literature > and
the Raman spectra taken after the synthesis (see Figure 2.6) that the oxidation process we
observe in our experiment is the synthesis of CuBTC. The copper anode is oxidized to
Cu?* and CuBTC forms with the BTC molecules from the solution. CuBTC is an electrical
insulator.!”! The fact that we do not see an increasing passivation effect over time could
mean that after a while (= 200 seconds in our experiment) a close-to-equilibrium situation
forms in which the amount of CuBTC that is freshly produced - which passivates the surface
- is balanced by continuous detachment of fully grown crystals as already discussed earlier in
our literature review.[”®! As the crystals detach, new surface area on the electrode is exposed
to the electrolyte and can be active in the process again. This growth-detachment equilibrium
could also explain the slight current oscillations and jumps that we see in the trace during the

current plateau after 200 seconds.
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Figure 2.6 Raman spectra of the linker BTC (blue), a copper foil surface (green) and the
surface of a copper anode after electrochemical CuBTC synthesis (red). All spectra were
measured with 633 nm excitation.

2.4.3 Characterisation of the anode after electrochemical CuBTC syn-

thesis

Figure 2.6 shows typical Raman spectra taken on the surface of a copper electrode before
the electrochemical synthesis of CuBTC and the copper electrode after the electrochemical

synthesis. We added the Raman spectrum of the bulk BTC powder for comparison.

The spectrum of the copper foil before the synthesis (Figure 2.6 green) shows two broad
bands at 525 cm~! and 626 cm™! as well as two sharp bands at 219 cm ™! and 178 cm~!. The
spectrum matches literature spectra of surface oxides on copper, that are primarily governed
by surface-Cu,0O. (117.118] The surface of copper in ambient conditions at room temperature
is oxidized by oxygen and humidity to a mixture of Cu,O, CuO and Cu(OH),.!'!"! Cu,0,
cuprite, is the primary product of ambient oxidation of copper, CuO and Cu(OH), are present

at such a low concentrations that we cannot detect them in our Raman spectra.

On the surface of the copper electrode after the electrochemical synthesis (Figure 2.6 red) we

find a Raman spectrum that closely matches the spectra reported for CuBTC in literature. 37!

We observe similar spectra for CuBTC and BTC (Figure 2.6 blue) with respect to the rough
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Table 2.1 Band assignment for the Raman spectra of BTC, an oxidized copper surface and
CuBTC. Numbers are in cm™!. v: stretching, §: in-plane bending, y:out-of-plane bending

grc | O¥dized | o pre | Assignment
Copper
213 -
178 -
219 Cu,O (2 )4l
227 | vCuCul®]
383 -
458 | vCu-0, vCu,(u—0),!187!
509 | vCu-0, vCu,(u—0), "
525 Cu,O (T'ps+) 14
626 Cu,0 (T\2)14
735 5CO, sccliis]
743 | yCH,,1*7
786 5CO, scclis]
825 yCHring[gﬂ
909 -
938 | -
1001 1004 | vCCy,, "]
1214 | -
1275 SCH,vCC,50H!15]
1330 vCO, vCCH15]
1425 vCC, S§CH!!15]
1461 | v, C—0,1%7]
1542 | v, ,C—0, 187!
1609 1608 | vCC,,,*7]
1654 vC=0l16]

position of the peaks, especially in the higher wavenumber region (above 700 cm~!) which

shows that the Raman spectrum of CuBTC is primarily governed by the organic moieties of

the BTC. However, in the region between 700 and 850 cm ™! the spectral differences between

CuBTC and BTC are large enough so that we can use the Raman spectra to unambiguously

differentiate between the two chemical species. While we see two peaks in this area both for
BTC (at 735 and 786 cm~ ') and CuBTC (at 743 and 825 cm™!) they are not only shifted

with respect to each other but also show different relative intensities. For both species they

are the most pronounced, unique bands. The only band that shows a higher absolute intensity



38 Principles and techniques

Figure 2.7 Scanning electron micrograph of a CuBTC coating on a copper substrate. Scale
bar: 1 um.

is the ring-breathing mode of the BTC molecule just above 1000 cm~!. This band does not
show a strong enough shift between CuBTC (1004 cm~ 1) and pure BTC (1001 cm™ 1) to use

as clear indication for either substance.

A detailed Raman band assignment based on literature is shown in Table 2.1. We will use the
Raman spectra of CuBTC and the copper surface for our discussion in chapter 3. Chapter 4
will give detailed insight into the interaction between copper and BTC under electrochemical

conditions based on the Raman spectra of BTC.

The presence of CuBTC on the surface of the electrode is spectroscopically confirmed. We
investigate the morphology of the sample using SEM. Figure 2.7 shows a scanning electron
micrograph of the surface of the copper anode after the electrochemical synthesis. The image
shows a densely packed layer of crystalline particles in the size range of 0.5 - 5 um. Some
of the crystals seem to be intergrown with each other. The primary shape of the exposed
crystal facets is a triangular shape. The crystals are randomly oriented. While we do not
have a full 3D view of a crystal, the prevailing crystal shape seems octahedral or at least
approaching an octahedron. Only a few crystals (mainly the ones that stick further out from
the surface) tend to be elongated in one crystal axis direction. As our Raman spectra show,

the surface is covered with CuBTC and the particles we observe here are MOF crystals.



2.4 Characterization of electrochemically synthesized CuBTC 39

CuBTC forms octahedral or close to octahedral crystals with the (111) facets of the crystal
structure primarily facing outward.[12%! This can be rationalized by the fact that the (111)

facet grows faster than e.g. the (100) facet as we have discussed earlier. 778!

The provided Raman spectra as well as the SEM image shown will serve as a reference for
the discussion of the results in chapters 3 and 4. First, in chapter 3 we want to explore the

exact redox-mechanism of the oxidation process we observe above 0 V vs Cu.






Chapter 3

The oxidation mechanism of
electrochemical CuBTC synthesis

In this chapter, we unravel the oxidation-reaction mechanism of the electrochemical formation
of CuBTC. Despite CuBTC being one of the most extensively studied MOFs, 311211 jtg
electrochemical formation mechanism has not yet been unraveled. It has been postulated that
Cu is anodically oxidized in one step to Cu>* followed by linker coordination in solution.>?!
True single-step two-electron transfers are rare!'??! and generally two-electron oxidations

are comprised of two separate one-electron oxidation steps. 123!

We find that the formation of Cu?* needs an intermediate Cu' oxidation state. Through
systematic variation of the experimental parameters we find that the necessary Cu'-species is
cuprite, Cu,O. If the synthesis solution contains no accessible reagents for cuprite formation,
such as water or oxygen, the synthesis fails to produce CuBTC. It is possible to enable the
formation of CuBTC in solutions without oxide-forming reagents by providing the cuprite
in the form of a film on the copper electrode surface. Cuprite itself, in the form of pure
cuprite powder, turns out to be an equally good starting material for CuBTC formation. To

synthesize CuBTC from cuprite ambient oxygen can be used as an oxidizing agent.

We apply the knowledge about the necessary reaction intermediate state by developing a new
method for the fabrication of patterned CuBTC chips. Utilizing the possibility to distinguish

between cuprite-covered and cuprite-free surfaces, a piece of copper foil can be patterned
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with cuprite prior to the synthesis. The patterning is as easy as placing a droplet of acid on
an oxidized copper surface. After removal of the droplet the synthesis is performed using a
solution without oxide-forming reagents. CuBTC is selectively synthesized on parts of the

sample that were previously not treated with acid.

The following results have been published in Chemical Communications, 2016, 52, 4722-
4725.

3.1 Experimental part

The electrochemical syntheses in this chapter have been performed according to the previously
discussed protocol (section 2.4.1) with slight changes to the protocol as follows. An Ag/3M
KCI/AgCl electrode was used as a reference. The potential of the silver reference is roughly
0.02 V vs a Cu reference. The synthesis time for electrochemical synthesis was generally 20

minutes and the synthesis potential was 1 V vs Ag/AgCl.

If necessary for the experiment, we removed surface oxides from the copper anode (size 1x1
cm?). Prior to the synthesis, the copper foil was immersed into 20 mL of 25% nitric acid for
3 minutes, rinsed with MilliQ, immersed into 20 mL of 25% hydrochloric acid for 3 minutes,
rinsed with MilliQ, rinsed with ethanol and immediately inserted into the electrochemical

cell, following a procedure by Hall et al.[1?4]

Solutions were degassed by bubbling with Argon (99.9999%, Westfalen AG, Miinster) for 20

minutes when necessary. The experimental setup was kept in an Argon atmosphere afterward.

The surface of the copper foils used for samples of type C was oxidized prior to the synthesis
by applying a potential of 1 V vs Ag/AgClI for 25 minutes in 10 g/L MTBS in 4% H,0/96%
ethanol - the CuBTC synthesis electrolyte without BTC.

To synthesize CuBTC from copper oxide powders 200 mg of Cu,O or CuO were dispersed
in 7 mL of a solution of 0.15 M BTC in ethanol. After 16 hours at room-temperature the
dispersion was centrifuged at 6000 rpm for 10 minutes. After removal of the supernatant
the residue was re-suspended in ethanol and centrifuged at 6000 rpm for 10 minutes. The

supernatant was discarded and the resuspension/centrifugation procedure repeated. After
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drying in nitrogen stream the powder product was dispersed on carbon tape for investigation

with SEM and was spread on a glass slide for Raman measurements.

For the fabrication of patterned MOF devices, the surface of a piece of copper foil was
oxidized in 0.1 M NaOH solution in water. A potential of -0.1 V was applied for 10 minutes.
The produced cuprite was selectively removed from the center of the copper foil with a drop
of 10% HCI. The drop was carefully removed with a pipette and the foil rinsed with MilliQ
water. After drying in a nitrogen stream the foil was used in an oxygen- and water-free

CuBTC synthesis.

3.2 Cuprite as a necessary reaction intermediate

By systematically varying the synthesis conditions such as the Cu source and the presence
of O, we investigate the role that the different components of the synthesis mixture play in
electrochemical CuBTC synthesis. The synthesis conditions used are summarized in Table

3.1.

Sample A represents synthesis conditions close to what has been reported in literature. 3!! As
we are not interested in a high synthesis throughput and want to keep possible electrochemical
side reactions (such as solvent oxidation) to a minimum, the synthesis potential is kept low at
1 V. In the synthesis for samples B we eliminated all components of the synthesis mixture that
according to the dissolution-coordination mechanism discussed in literature ®121 should be
unnecessary for the successful synthesis of CuBTC. The copper surface is freed of naturally
occuring oxides, the solution is degassed to remove dissolved oxygen and absolute ethanol
is used, thus no water is present during the synthesis. Sample C is synthesized in similar
conditions as example B with the exception that the copper plate is electrochemically oxidized
(to cuprite!!>) prior to electrochemical synthesis of CuBTC. Sample D is not produced
electrochemically, since the Cu,O powder cannot easily be incorporated into an electrode.
Instead we use a synthesis solution of 0.15 M BTC in ethanol and let the mixture incubate
under atmospheric conditions for 16 hours. Sample E is synthesized like sample D, but using

Cu'O as a starting material instead of CuIZO. Sample F is produced like Sample D with the
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only exception being that the solution was partially degassed, significantly decreasing the

amount of oxygen that is dissolved in the solution.

Table 3.1 Overview of the synthesis conditions for samples A-F

. successful
Sample type Cu source O, presence E /reaction time CuBTC synthesis
Cu .
A with natural oxide layer Yes 1'V/20 min Yes
B Cu, oxide free No 1V /20 min No
Cu )
¢ with artificial oxide layer No 1'V/20 min Yes
D Cu,0 Yes No / 16 hours Yes
E CuO Yes No / 16 hours No
F Cu,0 low amount No/ 16 hours Yes (low amount)

All samples were investigated with SEM and Raman as to their topography and chemical
composition. As discussed previously in chapter 2, CuBTC can be identified against other
possible parts of the reaction medium by the Raman in-plane ring bending vibrations of the
BTC moiety at 743 cm~! and 825 cm~!. In addition CuBTC forms octahedral crystals that

are easily recognizable in the SEM micrographs.

Fig. 3.1 shows the SEM micrographs and 3.2 the Raman results for sample types A-D. The

results for samples E and F are shown in Figure 3.3 and 3.4 respectively.

Samples A were fabricated under synthesis conditions similar to the synthesis protocols
found in literature, 11261 i e. starting from a Cu-electrode with a natural oxide layer, ethanol
with 4% water content and taking no precautions to avoid the presence of O, in the solution.
Octahedral crystals of CuBTC of <1 um to 5 um in diameter are found in the SEM images
(Fig. 3.1A). Electrode coverage is incomplete at 20 particles/100 um?, likely due to the low
synthesis potential of 1 V. An increased synthesis time could improve surface coverage. The
corresponding Raman spectrum in Fig. 3.2A displays the characteristic bending vibrations of
CuBTC at 743 and 825 cm~!. The Raman spectrum also shows a significant contribution of
Cu,O with two broad peaks at 525 and 626 cm~!. The SEM image together with the Raman

spectra prove that CuBTC was synthesized successfully in samples A.
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Figure 3.1 Example SEM images of samples A-D. Scalebars are 10 um

Samples B were produced under oxide-, water- and O,-free conditions, thus void of all
components unnecessary for the simple Cu?* dissolution-coordination mechanism proposed
in literature. The SEM image (Fig. 3.1B) shows parallel "tracks’ on the surface of the copper
anode due to the acidic etching of the surface prior to the experiment. With exception of only
about 1 octahedral particle/100 um? of ca. 0.5 to 1 um diameter, no octahedral crystals are
visible. The CuBTC response in the Raman spectra can hardly be distinguished from the
noise (Fig. 3.2B). In addition only a comparatively small contribution of surface-Cu,O can
be seen in the Raman response as evident through the low signal to noise of the cuprite bands
at 525 and 626 cm~!. The observations show that CuBTC does not grow under oxygen- and
oxide-free conditions. The small amount of particles that are found on the surface can be
attributed to residual oxygen contamination in the solution or to partial reoxidation of the
copper surface during transport to the electrochemical cell. The oxide response we find in
the Raman spectra are most likely due to reoxidation of the surface after the synthesis or
during the Raman measurement. Since copper readily oxidizes in ambient conditions and the
samples could not immediately be protected against ambient air, some oxide formation could

not be excluded.
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Figure 3.2 Raman spectra of samples A-D. Samples A-C were measured directly on the
copper plates used for the synthesis. Sample D was measured as an isolated powder. The
spectra have not been corrected.

Since oxygen- and oxide-free conditions failed to produce CuBTC, we now try to find the
smallest set of components required to enable CuBTC synthesis. We electrochemically
oxidized the surface of the Cu plate on purpose by immersing it in an electrolyte contain-
ing only MTBS and dissolved oxygen in 96% Ethanol/4% water. A potential of 1 V vs
Ag/AgCl was applied for 25 min to oxidize the surface of the copper anode. Afterwards
we performed an O,-free MOF synthesis (Samples C). Raman spectroscopy confirms the
successful synthesis of CuBTC (Fig 3.2C) as the signals at 743 and 825 cm™! can be found.
The spectrum additionally shows a significant Cu,O contribution between 400 and 600 cm™ !,
The SEM images of samples C show that the copper anode is covered with a mixture of
about 5 octahedral crystals of 3 to 5 um diameter per 100 um? and ca. 50 particles/100 um?

in the sub-um diameter range. At some spots, the smaller crystals cover the larger particles.
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Figure 3.3 Results for a synthesis starting from CuO (Samples E). left: SEM micrograph
showing no CuBTC octahedra (scale bar: 5 um). right: Raman response of the isolated
powder

From experiments A to C, we learn that oxygen plays an important role in ec CuBTC
synthesis as CuBTC crystals do not grow under oxygen-free conditions (samples B) and
Cu,0 is always present on the electrodes in successful CuBTC syntheses, as evident from the
Raman spectra. To further investigate the role of oxygen, we used pure oxides as precursors
for CuBTC growth. For Samples D, we immersed Cu,O powder in an ethanolic solution of
0.15 M BTC without any other additions for 16 hrs under ambient conditions. No potential
was applied. A blue powder was isolated by centrifugation and characterized. The SEM
micrograph in Fig. 3.1D shows octahedral crystals of 1 to 5 um diameter that are intergrown
into larger agglomerates of 10 to 15 um diameter. Raman spectra (Fig. 3.2D) confirm
successful CuBTC synthesis through the presence of the two characteristic CuBTC bands at
825 and 743 cm~!. The other bands visible in spectrum D at 460 and 508 cm~! also belong
to CuBTC. They are invisible in the spectra measured for Samples A and B, as the copper
oxide signal lies on top of those two bands. As we do not see any residual Cu,O bands
at 525 and 625 cm~! and the SEM images show only octahedral crystals of CuBTC, we
can conclude that all cuprite was consumed to produce CuBTC. Interestingly, an analogous
experiment with CuO powder as starting material did not produce any CuBTC (Samples E,

Fig. 3.3). For Samples E the SEM images (Fig. 3.3, left) show only pristine CuO in the form
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Sommam ot

Figure 3.4 SEM micrographs of Samples F. Red: truncated crystals; blue: intergrowth with
surface. scale bars: 500 nm.

of scale- and sometimes sponge-like crystals. The Raman spectra (Fig. 3.3, right) show only

the spectroscopic response of CuO with a low-intensity peak at 628 cm™!.[117:127]

As the transformation of Cu,O to CuBTC in sample D occurred without the application
of an electrochemical potential, a different oxidation agent needs to be responsible for the
oxidation of Cu! to Cu'’. To identify this oxidation agent, Samples F were synthesized like
Samples D, but in an O,-deficient environment. The solution was degassed for 15 min, but
during transfer into a glove box, some O, could re-dissolve. The SEM micrographs Fig. 3.4
show about 10% of the Cu,O surface covered with octahedral crystals of diameters between
0.3 and 0.7 pm, and partly with what seem to be incomplete CuBTC crystals with diameters
of 100 to 200 nm (Fig. 3.4, red). This is the only sample for which we observe incomplete
CuBTC octahedrons. It is unlikely that these crystals deposited onto the Cu,O substrate
during centrifugation; rather they must have grown at the surface, and their growth was halted
prematurely due to lack of O,. Similarly, also the few octahedral crystals (Fig. 3.4, blue)
that we detect are visibly attached to the Cu,O substrate. From these results, we conclude
that O, is the necessary oxidant for the oxidation of Cu,O to CuBTC without ec potential,
as a reduction in the O, content of the solution leads to a significant decrease in synthesis
yield. Furthermore, the visible connection between the CuBTC and the Cu,O indicates that

CuBTC nucleation and growth takes place directly at the solid/liquid interface.

Summing up, the first step to ec CuBTC formation is the oxidation of Cu to Cu! achieved

either by electrochemical oxidation of the Cu anode or by providing O, and/or H,O (H,O
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enables CuBTC synthesis even under oxygen-free conditions®®!) as reactant. Furthermore,
CuBTC forms directly from Cul“zLO powder while Cu?*O does not convert to CuBTC under

the given experimental conditions.

Cu, 0 is the predominant oxidation product of Cu in oxygen or water containing ethanol. [125]

As known from literature, Cu,O can be produced from Cu by the following oxidation

reactions with H,O or O,: 181191

2Cu+H,0 <— Cu,O+2H" +2¢” (3.1)
4Cu+ 0, +— 2 Cu,0 (3.2)

A positive applied potential facilitates the net release of electrons in reaction (3.1). Excess
electrons are transferred to the counter electrode where a not-further specified counter
reaction takes place. Reaction (3.2) represents the aerobic oxidation of Cu that takes place
in the presence of O, and even outside of solutions as evident through the oxide layer that
covers copper metal within seconds of being exposed to air. In Samples B, both reactions
(3.1) and (3.2) were blocked by using dry ethanol and by degassing the electrolyte with
argon. Since all surface oxides were removed by acidic etching, no Cu,O could be formed

and ultimately no CuBTC could be produced.

In absence of O, and H,0O, the amount of available CuIZO is expected to limit the CuBTC
yield. Indeed, for Samples C where the amount of available Cu,O was fixed, we did not
observe continuous detachment of large MOF crystals from the electrode into the solution
phase, which is usually visible through a constant stream of blue precipitate from the electrode
surface into the solution. The lack of this observation indicates that CuBTC growth stopped

after all provided Cu,O had been consumed.

For the second oxidation step of CulgO to Cu’*BTC, we propose the following ec half
reaction:

3Cu,0 + 4H;3BTC +— 2 CuyBTC, + 3H,0+6¢~ +6H* (3.3)

H,O is a likely product that can be produced from the oxygen released from Cu,O and the
protons released from BTC. In the ec synthesis, this oxidation half-reaction takes place at

the Cu anode. (A corresponding, not further specified reduction reaction takes place at the
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counter electrode.) With the production of H,O, the overall reaction should be self-sustaining
after a certain threshold H,O concentration is reached by combining (3.3) with (3.1). For
aerobic Cu,O oxidation (Samples D), CuBTC growth occurs at the Cu,O/solution interface.
CuBTC synthesis from Cu,O without applied potential is only possible in the presence of
O,, as shown by the greatly reduced amount of CuBTC in Samples E. Likely, O, is reduced
to H,O in a counter reaction that can again accommodate the protons released from the BTC

molecules upon coordination to copper ions.
0, +4H" +4e” <—2H,0 (3.4)

Equation (3.3) as the key step in ec CuBTC synthesis as derived from our results is fully
consistent with synthesis facts reported in literature: Van Assche et al. showed that CuBTC
cannot be produced electrochemically in electrolytes that contain more than 50% H,O. [56]
The suppression of the reaction by too much H,O is consistent with H,O formation on the
product side of (3.3), leading to an increase of the oxidation potential of the reaction while
increasing the propensity for the formation of the H,O-containing catena-triaqua-u-CuBTC

species that van Assche et al. observe. %]

It should be noted that Cu(OH), has also been shown to readily convert into CuBTC in
presence of the linker BTC.[128] While Cu(OH), as an intermittent, short-lived reaction
intermediate cannot be excluded, our spectroscopic data does not indicate stable Cu(OH),
formation (i.e. no Raman band at 460 cm™! that could be distinguished from the Cu,O or

CuBTC contributions, Fig. 3.2).

Let us summarize the reaction mechanism for the ec oxidation of Cu” to CuBTC: In presence
of O, and/or H,O, Cu is oxidized in a one-electron step to Cu,O. A second oxidation step
from Cu! to Cu?" in the presence of BTC directly converts Cu,0 to CuBTC. Involvement of
an intermediate Cu(I) reaction step has not been proposed so far and opens up new pathways

to increase control of the synthesis.
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Figure 3.5 A: Scheme for the fabrication of patterned CuBTC devices by oxide patterning; B:
light-microscopy image of a Cu sample (left) partly covered with CuBTC (right). Scale bar:
200 pm; C: normalized amount of CuBTC across the sample as taken from the integration of
the Raman spectra between 800 and 850 cm ™! .

3.3 Fabrication of patterned MOF chips

Our newly gained knowledge that CuBTC crystallization and growth proceeds through
intermediate Cu,O formation allows us to suggest a novel method to fabricate patterned
MOF devices (Fig. 3.5A). As a proof of principle, we prepared a Cu substrate with both Cu
and Cu, O present by electrochemically oxidizing the surface in the presence of NaOH. [129]
Then, we selectively removed Cu,O in a spot of ~1 cm diameter in the centre of the sample

by pipetting a drop of 10% HCI. After removal of that drop and subsequent rinsing with
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MilliQ and EtOH, the Cu plate was covered with Cu,O except for the acid-etched blank Cu

area.

Under synthesis conditions B (O, exclusion, 1V applied potential), CuBTC was grown solely
on the oxide-covered part of the sample as discernible in the white-light image taken through
a 50x microscope objective (Fig. 3.5B). The left part of the image where surface oxides were
removed by acidic etching shows the pristine Cu surface. To the right of the image, outside
the area of the acid droplet, CuBTC has visibly grown (as evident through the greenish/blue
coating on the surface) and is spectroscopically detectable in a Raman map of the surface.
Raman band integration of the 800 to 850 cm™! region provides the relative amounts of
CuBTC at different sample positions (Fig 3.5C; error bars are standard errors of the mean of
three measurements taken at roughly the top, middle and bottom of the white-light image).
The data shows that we successfully prepared a patterned copper chip covered with CuBTC
at positions that we can specifically choose prior to the synthesis. The procedure itself is
currently rather crude, as for example the boundary between the two areas (MOF covered
and MOF free) seems to be a broad continuum instead of a sharp border (see Fig. 3.5B and
C) but it can serve as a starting point for new preparation pathways of patterned Cu-MOF

devices.

3.4 Conclusion & Outlook

To conclude, we unraveled that CuBTC electrosynthesis proceeds in a two-step oxidation
mechanism at the electrode surface: Cu is first oxidized to CuIZO in the presence of H,O or
0,. Cu,0 is further oxidized to Cu'"BTC in presence of the linker at the cuprite-electrolyte
interface. We demonstrated how the gained knowledge can be used for a novel quick and

versatile approach to produce patterned CuBTC devices.

Our facile oxide-based pre-patterning approach can serve as starting point to develop im-
proved synthesis protocols for CuBTC patterning. Current patterning approaches require the
use of Cu electrodes in the desired shape (i.e. printed circuit boards > or Cu meshes ).
Our approach offers the possibility to subsequently activate parts of a Cu substrate. It is

easy to imagine how established ways to deposit Cu,O as nanoparticles or films [130.131] op



3.4 Conclusion & Outlook 53

to selectively remove Cu oxide, as shown here, can be converted into a versatile basis for
the fabrication of arbitrarily patterned surfaces on nm to mm length scales to create devices

covered with MOF crystals of controlled sizes at predetermined spots.

Additionally other electrochemically grown MOFs with multivalent metal cations, such
as MOF-5[132] or MOFs from the MIL-53 class, !l should be investigated as to whether
their mechanism occurs similarly to the two-step mechanism of CuBTC. If more MOFs are
found, that follow this scheme, our patterning approach would open up the possibility of
producing chips with different MOFs at predetermined spots on the sample, which could

yield interesting applications in i.e. the preparation of multiplexed sensors. 133!

We now want to further investigate, why the CuBTC coatings we have investigated in this
chapter grow on the surface of the electrodes as opposed to in the solution phase. To do
this, we will investigate the electrochemical interface during CuBTC growth using EC-SERS
as well as study the electrochemical deposition and oxidation of copper in BTC containing

electrolyte.






Chapter 4

BTC adsorption on copper as the
reason for on-surface growth of
CuBTC

In this chapter we investigate the potential-dependent Cu-BTC interactions in EtOH and
monitor the transition of BTC from a surface adsorbate on copper to an integral building
block of CuBTC. Our study aims to find a molecular-level reason for the on-surface growth
of CuBTC.

While some studies on BTC-metal interactions in aqueous electrolytes at different elec-
trochemical potentials exist, [116.134] 1ittle is still known about the interaction of BTC with
metal surfaces in organic solvents as commonly employed in MOF synthesis. Moreover, the
potential-dependent metal-BTC interaction and its possible influence on the resulting frame-
work properties, such as its surface adhesion, are unknown. Such knowledge would provide

an important step toward rational planning of syntheses for functional MOF materials.

In order to fill this knowledge gap, we investigated the potential-dependent behavior of the Cu-
BTC system. Using Au(111), a well-defined and reproducible substrate for electrochemical
investigations, we performed cyclic voltammetry (CV) to observe the effect of BTC on

the energetics of Cu electrochemistry ((underpotential-) deposition and oxidation) in EtOH.
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We find that BTC has an energetically hindering effect on both copper deposition onto the

underpotential-deposited copper layer as well as the oxidation of copper.

We complement our findings with EC-SERS experiments performed on polycrystalline Cu to
obtain in-situ information about the potential-dependent adsorption characteristics of BTC
on Cu. Starting from negative potentials up until the moment CuBTC formation starts above

E > 0V we find an increase in the amount of BTC adsorbed to the surface.

Finally, we spectroscopically observe the potential-triggered transition of BTC from a surface
adsorbate into an integral building block of a CuBTC above 0 V vs Cu. Over several minutes
the amount of BTC adsorbed to the surface decreases while the spectra shift to match the
Raman response of CuBTC. We think this gradual change shows that the strong propensity
of BTC to adsorb to the copper surface is the reason for the on-surface growth of CuBTC

during the electrochemical synthesis.

The following results have been accepted for publication in the Journal of Electroanalytical

Chemistry.!

4.1 Experimental details

The Au(111) single crystal was obtained from small single crystal beads that were oriented,
cut and polished by Clavilier’s method. [!3>136] The bead was produced by using a very small
flame from a hand torch (propane-oxygen) to melt a Au wire and slowly cooling the melted
bead. [137]

Electrochemical measurements on Au(111) were performed - with the much appreciated
help of Paula Sebastian and Juan Feliu in Alicante, Spain - using a p-Autolab III potentiostat
in the current-integration mode. A Cu wire polished with fine-grit polishing paper prior to
immersion in the electrolyte was used as a reference electrode. Flame-annealed Au wire was
used as a counter electrode. All glassware was previously immersed in 40 % nitric acid over

night and boiled in ultrapure water twice. All potentials are reported versus Cu.

ISchifer et al., Trimesic acid on Cu in ethanol: Potential-dependent transition from 2-D adsorbate to 3-D
metal-organic framework, Journal of Electroanalytical Chemistry (2017), DOI: 10.1016/j.jelechem.2017.01.025
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The Au(111) working electrode was flame annealed before cooling in the Argon saturated
atmosphere over the degassed electrolyte. Degassing was performed for at least 15 minutes.
The single crystal was immersed at a potential of 0.6 V vs Cu and experiments were performed
in the hanging-meniscus configuration. 38 The supporting electrolyte was 10 g/L MTBS in
EtOH. For experiments with Cu’* ions in the electrolyte, the solution contained 0.67 mM
Cu(NO3), x 2.5 H,O. When BTC was part of the electrolyte, the concentration was 75 mM.
After every experiment the Au electrode was kept at a potential of 0.5 V for several minutes
to remove residual Cu from the surface. The electrode was cleaned with 40% nitric acid,

copious amounts of ultrapure water and flame-annealed before storage.

Raman measurements were conducted using a home-built electrochemical Raman cell (ma-
terial: Kel-F) designed to seamlessly exchange the electrolyte through teflon tubings. The
counter- and reference-electrodes were Pt wire. The potential of the Pt-electrode used
during the Raman experiments is 0.1 V vs Cu, and the potentials of the Raman experi-
ments have been converted accordingly to the Cu reference. The Raman set-up is detailed
in section 2.2.2. Exposure times for the spectra were 10 seconds. A full spectrum was
taken every 40 seconds. All reported spectra are background-corrected with an asymmetric
least-squares algorithm, '] normalized to the C-C stretch vibration band of EtOH at 882
cm~! and smoothed with a Savitzky-Golay filter. The background correction was performed
in Matlab, all other data evaluation steps were performed with self-written Python code.
Potential-dependent spectra are averages of 7 to 10 spectra. Time-series spectra are not

averaged.

For the in-situ Raman measurements the polycrystalline Cu working electrode was cleaned
with 25 % hydrochloric acid, rinsed with copious amounts of ultrapure water and finally
rinsed with EtOH prior to use. The electrolyte consisted of 0.032 M MTBS in 96 % EtOH /
4 % water and optionally 150 mM BTC as indicated. The cell was always first filled with
pure MTBS-solution to perform a blank measurement. The electrode was afterwards kept at
a constant potential of -0.4 V vs Cu while the electrolyte was exchanged to BTC containing
one by hydrostatic pressure. The electrolyte exchange could be monitored through the current
at the working electrode. The electrolyte was exchanged for at least 15 minutes before the
measurement in BTC containing solution was started. Raman measurements were started

within 5 seconds of adjusting the potential to a new value.
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4.2 BTC inhibits copper deposition & oxidation on Au(111)

We conducted CV experiments to investigate the influence of BTC on the oxidation and
desposition of Cu on gold. As a substrate, we chose a Au(111) single-crystal surface since
its surface state can be easily recovered during the experiments by removing all deposited
copper at high potentials (= 0.5 V), ensuring maximum reproducibility of the results. In
Figure 4.1, we show the CV responses of the Au(111) electrode in different electrolytes at a
scan rate of 20 mV/s: The supporting electrolyte (grey triangles) is ethanolic MTBS. The
corresponding CV shows no prominent features and is governed solely by a small capacitive
current in the range of -10 to 10 uA/cm?. A lack of strong current increase towards both
ends of the CV (0.7 V in anodic direction and -0.7 V in cathodic direction) shows that the

electrolyte and the gold electrode are stable in the chosen potential window.

Upon adding Cu nitrate to the electrolyte, the CV changes significantly (Figure 4.1, black
line). The scan was started at 0.5 V vs Cu, a potential at which any Cu previously deposited
on Au is oxidized so that the Au surface is a pristine Au(111). In the anodic direction, the
current is slightly positive and shows a small increase until the scan reversal point at 0.7 V.
The cathodic scan is featureless, with a slight negative slope of the current with decreasing
potential till about 0.24 V where a small cathodic peak (A) is seen. Decreasing the potential
further, a cathodic current shoulder appears at -0.1 V (B). Below -0.15 V, the cathodic current
increases slightly again, forming a small current peak at around -0.25 V. The cathodic current
density slightly drops from -0.125 mA/cm? at the peak to -0.115 mA/cm? where it forms
a plateau C till reaching the lower vertex potential of -0.5 V. After the scan reversal, the
current stays constant at around -0.110 mA/cm? until -0.2 V where it starts increasing slowly,
showing a slight hysteresis behavior in the potential range from -0.2 to -0.1 V. At-0.05 'V, the
current increase becomes steeper (0.1 mA/cm? increase per 50 mV), leading to the formation

of an anodic peak (D) at 0.11 V. At 0.32 V, a second anodic peak (A’) appears.

Introducing BTC into the solution leads to the CV shown as a grey line in Figure 4.1. Starting
at a potential of 0.5 V, at a Cu-free Au(111), the anodic scan shows no features and only
negligible anodic current until the first vertex potential at 0.7 V. After the scan reversal, a
cathodic peak (around peak A for the BTC-free solution) with very low current (-17 uA/cm?
vs the baseline of -7 pA) is detected at around 0.29 V. Scanning further, the trace stays flat
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Figure 4.1 CV of Au(111) in supporting electrolyte with different additives. Grey triangles:
pure supporting electrolyte (10 g/l MTBS in EtOH). Black line: supporting electrolyte
+ 0.7mM Cu nitrate hemipentyhydrate. Grey line: supporting electrolyte + 0.7 mM Cu
nitrate hemipentahydrate + 75 mM BTC. Black circles: supporting electrolyte + 75 mM
BTC, v =20mV/s. The current densities for the pure supporting electrolyte and for the
supporting electrolyte + BTC have been multiplied by 5 for clearer display.

and slightly negative until the cathodic current starts to increase below -0.2 V. The cathodic
current increases almost linearly below -0.4 V (C) till the lower vertex potential of -0.7 V.
The anodic scan shows a similar behavior, with a slowly decreasing cathodic current until
around -0.1 V where the trace levels off. Just positive of 0 V, a large anodic peak begins (D)
which reaches its maximum current at 0.18 V. The anodic flank of the peak shows a slight

shoulder, and a second anodic peak (A’) appears at 0.37 V.

As 0V is the equilibrium potential for the oxidation and reduction of Cu’* to Cu in our
Cu-referenced system, we conclude that features B and C in the CVs of Cu nitrate in EtOH

(Figure 4.1, black line) concern the reduction of Cu and subsequent deposition on the Au
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surface. The shoulder B is possibly a prereduction of Cu?* to Cu™. Peak D corresponds to
the oxidation of this Cu layer on the electrode (most likely to Cu>*). The peak-pair A and A’
are the anodic and cathodic sides of the same reaction, since peak A’ is absent in experiments
that do not scan below 0.3 V (not shown). Both features (A and A’) are also absent in
experiments without Cu as evident from the comparison with the CV in pure electrolyte
(Figure 4.1, grey triangles). Therefore these features should also be a reduction and oxidation
of copper. As the reduction potential is found at higher potentials compared to the bulk
reduction C, it is reasonable to conclude that the peaks A and A’ belong to an underpotential
deposition (UPD) process of Cu on the Au electrode, similar to what is observed in aqueous
Cu salt solutions. 31 An observed deposition potential of 0.24 V vs Cu closely matches the
potential of 0.21 V vs Cu/Cu?* previously observed in aqueous sulfuric acid solution. 1491 It
should be noted that even after multiple scans, the first CV can be reproduced, meaning that
the Au(111) surface is free of residual Cu above 0.4 V. If Cu remained on the surface, we

would expect changes in subsequent CVs.

The CV features described after introducing BTC into the solution (Figure 4.1, grey line) are
similar to the ones that we observe in the solution that does not contain BTC. Noteworthy
is the absence of the shoulder B and the changes in the deposition peak A of the Cu UPD.
The small peak observed around 0.3 V in cathodic scan direction where we expect to see the
deposition of the Cu UPD is also observed (albeit with lower current density) in solutions
containing only BTC and no Cu (Figure 4.1, black circles). The peak observed at 0.3 V could
therefore either be the Cu UPD peak, a peak from BTC (or an impurity in the BTC) or a
combination of both. The features C, D and A’ are assigned to the same phenomena as in
BTC-free solution, namely Cu bulk deposition, Cu bulk oxidation and the stripping of the Cu
UPD layer.

The comparison of the CVs recorded in presence and absence of BTC reveals differences
in the positions of peaks and their general shape. First, the two peaks (D, A’) are shifted
towards more positive potentials and peak at lower current densities. The assigned UPD
stripping peak A’ is found 48 mV higher in the BTC containing case while the Cu oxidation
peak D is shifted by +75 mV. The current corresponding to Cu deposition (C) increases much
more slowly in the presence of BTC and the marked plateau features of the BTC-free CV are

missing.
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The presence of BTC causes an overpotential for both the deposition of Cu, as indicated by the
slower and delayed rise of the cathodic currents at negative potentials, and the corresponding
Cu oxidation, as evident by the shift of peak D to more anodic potentials. The lower anodic
currents in all oxidation peaks can be explained by the lower amount of deposited Cu (due to
the lower cathodic deposition currents during phase C). Likely, the induced overpotential
stems from an adsorption of BTC on the Cu surface at potentials lower than 0 V. Adsorption
of BTC to the surface below 0 V would explain the delayed and slowed down deposition
of Cu, since Cu electrodeposition is known to be diffusion-limited '*!1 and BTC would act
as a diffusion barrier for Cu?" ions, effectively shielding the electrode from the deposition.
BTC therefore adds an overpotential to the Cu reduction and deposition, an additional energy
contribution needed for the displacement of the BTC. After Cu has been deposited, BTC
could adsorb onto the Cu layer, stabilizing the surface and therefore energetically hindering
Cu oxidation above 0 V. The shift in the UPD stripping peak A’ can also be explained through
Cu-BTC interactions, assuming that at least part of the BTC is deprotonated upon adsorption.
It has been shown that anions that strongly interact with Cu’* ions and Cu can shift the
CuUPD process to higher potentials.[!4?] The possible absence of the UPD reduction peak A
could be explained by an adsorption of BTC to the Au surface at positive potentials, as has
previously been reported for the Au-aqueous electrolyte interface. 34! As the BTC adsorbs
onto the blank Au surface, it blocks the monolayer UPD of Cu onto Au(111) similar to the

bulk Cu deposition as discussed earlier.

4.3 Potential-dependent adsorption behavior of BTC on
Cu

To gain chemical insight into the interaction of BTC with the Cu surface and confirm our
theory about the adsorbed BTC layer on Cu, we performed EC-SERS on polycrystalline Cu
electrodes. As we want to be entirely sure that we only probe specific interactions between
Cu and BTC, we do not perform these experiments on the Cu(UPD)/Au system introduced
before. On the Au(111) surface we could not be sure that the spectral response does not

also originate from copper-free parts on the surface. The experiments were performed in
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Figure 4.2 a) EC-SER spectra of polycrystalline Cu in 75 mM BTC + 10 g/LL MTBS in EtOH
with increasing potential (bright to dark). b) EC-SER spectrum of polycrystalline Cu in 10
g/L MTBS in EtOH at -0.2 V. All spectra are normalized to the C-C stretch mode of ethanol
at 882 cm™!.

the potential region from -0.4 V to +0.1 V vs Cu, the area in which we see the strongest

differences in the CV experiments between BTC containing and BTC-free solutions.

Figure 4.2 a) shows an overview of EC-SER spectra taken at different potentials in BTC
containing electrolyte. For comparison, Figure 4.2 b) shows the spectrum of Cu in the
BTC-free supporting electrolyte MTBS in EtOH at -0.2 V. The spectrum of the supporting
electrolyte does not change with the applied potential in the chosen potential region between
-0.4 and 0.1 V. As there is no BTC present, all Raman signals in 4.2 b) originate either from
the solvent (ethanol), the supporting electrolyte (MTBS) or the copper surface. We will not
discuss these signals in-depth, as we are primarily interested in the interaction of BTC with

the copper surface.
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We will first generally describe the spectral regions that change upon addition of BTC and
with the applied potential and discuss specific bands in detail later (Figures 4.3 and 4.4).
There are four areas in the spectrum that show changes in the EC-SER response upon BTC
addition to the electrolyte. Between 500 and 650 cm™!, we observe two broad peaks in
Figure 4.2 b) that are absent in the corresponding spectra in Figure 4.2 a). Upon addition of
BTC, these bands disappear and only reappear with reduced intensity at higher potentials.
The second area of interest lies between 725 and 850 cm~!. Here, we observe two bands
with high intensity in BTC containing solution at 0.1 V. These bands are undetectable in
any spectra between -0.3 V and 0 V and only appear in BTC-containing solution. In the
third area of interest between 1530 and 1610 cm™!, we observe new bands at all investigated
potentials that are not present in the spectrum of the pure supporting electrolyte. Lastly,
at 1002 cm~! we observe a new band in the presence of BTC. The intensity of this band
increases with more positive potentials. The changes in the area from 1300 to 1400 cm™!
are artifacts of the background removal during data processing and will therefore not be

1

discussed further. We will now first focus on the area between 1500 and 1650 cm™ " and

describe the potential-dependent changes in the peak structure in depth.

Figure 4.3 a) shows a zoom of the EC-SER spectra obtained at different potentials in the
region from 1500 cm~! to 1670 cm~! in BTC containing electrolyte. The spectra show two
distinct peaks, one around 1560 cm™—! (peak A) that cannot be detected at all potentials, and
one around 1605 cm™~! (peak B) present in varying intensity at all investigated potentials.
The right side of Figure 4.3 shows the peak positions and maximum peak intensities obtained
from fitting the bands with two Lorentzian profiles. Figure 4.3 b) and c) show the positions
of peak A and B, respectively. Figure 4.3 d) shows the maximum peak intensities of both
peaks normalized to their respective maximum intensities in the measured potential window.
Peak A cannot be distinguished from the noise at potentials below -0.25 V. The position of
peak A shows slight variations between 1555 and 1553 cm~! in the range from -0.25 V to 0
V. After crossing the 0 V threshold, the peak red-shifts to 1541 cm~! at 0.1 V. The general
trend of the shift is opposite for peak B. The peak position starts at 1605 cm™! at -0.4 V and
gradually red-shifts to 1601 cm~! at 0.0 V. After crossing the threshold, it blue-shifts back
to 1605 cm~! at 0.1 V. The shifts of the two peaks span a range of 14 and 4 cm™! for peak
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Figure 4.3 a) Zoom of the EC-SER spectra in the area from 1500 to 1660 cm™! at different
potentials. Right: Results of a Lorentzian fit of the area from 1500 to 1660 cm™': b) &
¢) fitted peak maximum position of peaks A and B, respectively, as a function of potential.
d) maximum peak intensity of peaks A (grey, circles) and B (grey, squares) relative to the
respective peak’s maximum observed intensity in the given potential window. Peaks B in the
EC-SER spectra at -0.4 V, -0.35 V and -0.3 V were fitted with a single Lorentzian since peak
A is absent in these spectra. Error bars are errors of the fits.

A and B, respectively, meaning that the position of peak A is more strongly affected by the
applied potential than that of peak B.

The change in peak intensity with varying potential shows the same trend for both peaks.
While peak A can only be distinguished above -0.3 V, both peaks rise monotonously in
intensity and reach their maximum intensities at O V. At 0.1 V, the peak intensities are
significantly lower. The increase of the peak intensity at more positive potentials is reversible
in the sense that changing the potential from -0.2 V to -0.1 V and back shows a reversible
increase and decrease in the signal (data not shown). We observe that for high intensities
(-0.1 V and O V in Figure 4.3, left), peak A has a shoulder around 1530 cm~!. The spectra
below 0 V and at 0.1 V are stable over the time frame of the experiment (5 minutes). We do
not show the fit results of an average spectrum at 0.05 V here since the EC-SER response

shows large changes over time which we will describe in detail later (see Section 4.4).

The potential-dependent EC-SER spectra in Figure 4.2 confirm our hypothesis of adsorbed

BTC on the Cu surface. Peaks A and B are assigned to the symmetric C-O; stretch vibration
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and C-C ring vibrations of BTC, respectively. 87! The increase in the band intensities of peaks
A and B reflects an increase in the amount of BTC at the electrode at more anodic potentials.

[116] shows

The peak at 1002 cm™!, which is assigned to the ring breathing motion of BTC,
the same behavior as the 1550 and 1604 cm™! bands with increasing intensity at higher
potentials (data not shown in detail). From the observed increase in Raman band intensities
between 1500 and 1610 cm™! with higher potentials, we conclude that more BTC adsorbs
on the Cu surface at more positive potentials. The band position changes of peaks A and
B during the formation of the increasingly dense BTC adlayer could reflect adsorption
geometry changes such as molecules standing up at more positive potentials as the adlayer
needs to accomodate more molecules. '3 The presence of the shoulder at 1530cm ™! at high
potentials (and thus higher BTC concentrations at the interface) further supports this idea.
Assuming the shoulder corresponds to the same molecular vibration as the main peak A, the
shoulder could mean that there are actually two kinds of differently adsorbed/oriented BTC
molecules at the surface. Different molecular orientations would lead to slightly different
bonds of the BTC to the Cu surface with respect to strength of the bond and directionality.
As detailed in 2.2.2, this can lead to changes in the position of Raman bands. Especially the
vibrations including the C-O; group (peak A) are expected to change upon changes in the
bond between molecule and metal, as the carboxyl group is the expected binding moiety in
the molecule. The changes in the position of peak A are larger (in the range of 14cm™)
than those of peak B (4 cm™!). For peak B, corresponding to C-C ring vibrations, no strong
dependence of the molecular vibration to the bond between the metal and the molecule is
expected. The slight changes that we do observe can be explained through the delocalized
electrons in the aromatic BTC molecule. Changes in the electron density at the edges of
the ring (due to a bond to the metal) can have a small effect on the bonds in the rest of the

molecule.

Our observation of an increase of the amount of BTC adsorbed to the Cu at more positive
potentials matches previous reports for the Au(111)-electrolyte interface. In aqueous solution,
BTC switches from being physisorbed to Au at lower potentials to being chemisorbed at
higher potentials. 44! This change coincides with a gradual increase in the surface coverage
of adsorbed BTC at more positive potentials. In our system, according to the EC-SER data,
the BTC surface coverage is highest in the potential range from -0.05 V to 0 V. Comparing
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these potentials of maximum BTC coverage to the steep increase in anodic current in the CV's
(Figure 4.1), we see that in BTC-free solution at -0.05 V, Cu oxidation already starts. More
importantly, in BTC-free solution, there does not seem to be a potential at which neither
oxidation nor deposition of Cu take place. The current trace goes from a slightly decreasing
cathodic current just below -0.05 V to a quickly increasing anodic current without a period
of low electrochemical activity. In BTC containing solution, however, the change in anodic
current is more gradual and the current trace is almost flat around -0.05 V. Only after crossing
0V, we observe a significant increase in the slope of the current trace. This coincides with
the potential range of maximum BTC coverage as observed with EC-SERS at -0.05 and 0
V. We thus conclude that the adsorbed BTC that we observe using EC-SERS stabilizes the
surface and induces an overpotential for Cu oxidation, as observed in our CV experiments

(Figure 4.1).

It should be pointed out, that the CuUPD investigated in the CV experiments and the bulk Cu
substrate in our EC-SERS experiments are not necessarily directly comparable. The behavior
of the UPD is expected to lie between the behavior of an Au surface and a bulk Cu surface,
as the reason for the occurrence of a UPD is the fact, that the deposition of the first layer of
Cu onto Au(111) is energetically favorable compared to the bulk deposition. However, as
BTC adsorption has been shown for the Au-electrolyte interface in literature and we have
shown the adsorption at the Cu-electrolyte interface based on our EC-SERS measurements,

we do believe the CuUPD results to be transferable to the bulk Cu system.

4.4 Potential-triggered transformation of the BTC adlayer
to CuBTC MOF

While Figure 4.3 shows a significant change in the EC-SERS response of BTC/Cu after
crossing a potential of 0 V, we now want to further investigate what happens just above 0 V.
Figure 4.4 a) shows the Raman signal evolving over time at 0.05 V both in the previously
explored area from 1550 to 1670 cm™! as well as in the spectral region from 725 to 860
cm~!'. A spectrum was taken every 40 seconds. For clarity, only a selected number of

spectra are shown in the overview on the left. We can see that in the area from 725 to 860
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Figure 4.4 a) Zoom of the EC-SER spectra in the areas from 725 to 860 cm~! and from
1500 to 1670 cm ™! at different times after switching the potential to 0.05 V. Darker spectra
were taken at later times after the potential step. Right: fit results for peaks A and C. b) & ¢)
Fitted peak-maximum position of peaks A and C, respectively, at different times. d) Fitted
maximum peak intensities of peaks A (grey, circles) and C (triangles, black), normalized to
the respective peak’s maximum observed intensity in the experimental timeframe. Error bars
are errors of the fits.

cm™!, two peaks appear after 2 minutes and increase in intensity throughout the experiment.
Meanwhile in the higher wavenumber region, the previously described peaks A and B change

considerably.

Figure 4.4 b) shows the frequency shift of peak A in detail over time. The position of peak A
shifts from 1555 cm™! to 1540 cm™! over the 10-minute time period. The intensity of peak A
(Figure 4.4 d), grey circles) shows a slow decrease over time. The observed frequency shifts
and intensity changes of peak A reflect the transition from the previously discussed spectrum
at 0 V to the final spectrum at 0.1 V (Figure 4.3). Figure 4.4 c) displays the time-dependent
position of peak C whose changes are within 1 cm~!. The intensity of peak C (Figure 4.4
d), black triangles) increases at a similar rate as the intensity of peak A decreases. In the
beginning, peak C is not distinguishable from the noise, and only starts being visible after 80
seconds. The intensity increases with time, albeit not monotonously. After 7 minutes, the

intensity stabilizes and shows no significant changes over the last 2 minutes of the experiment.
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In fact, the whole spectrum shows only small changes throughout the last two minutes of the

experiment.

The EC-SER response (Figure 4.4) allows us to follow the potential-triggered transformation
of the BTC adlayer into the crystalline 3D MOF structure of CuBTC in situ. Increasing the
potential activates the BTC/Cu interface to form a new hybrid (MOF) structure where the
metal ion-molecule complex is the elemental building unit as identified by the bands at 740

and 826 cm™! assigned to characteristic C-H stretch vibrations of CuBTC (see section 2.2.2).

The similar rates in band intensity decrease at 1550 cm~! (adsorbed BTC) and increase at
826 cm~! (BTC in CuBTC MOF) indicate that the MOF is formed at roughly the same rate
as the adsorbed BTC is consumed. After 10 minutes reaction time at 0.05 V, peaks A and B
perfectly reflect the Raman response of pure CuBTC. The red-shift of the v, C-O2 band
during the synthesis of CuBTC can be explained through the influence that coordinated Cu
atoms and/or ions have on the C-O, bond strength. The Cu in CuBTC is in oxidation state
+2, the coordination of BTC to Cu ions pulls electron density out of the C-O; bonds. On the
Cu electrode surface, BTC coordinates to metallic Cu(0) where the electron pull is much

weaker. The change leads to the observed band shift.

It should be noted that we only detect the EC-SER signature of Cu;0 in BTC containing
solution with low intensity and at higher potentials. We observe the broad 515 and 615
cm~! bands of Cu,O clearly in the BTC-free supporting electrolyte (Figure 4.1 b)), but upon
flushing the cell with BTC containing electrolyte, the Cu,O signature disappears. Likely,
the slightly acidic linker helps to dissolve the Cu,O, forming either Cu or Cu?* depending
on the applied potential, and water. At higher potentials the spectrum shows a very slight
increase in the Raman scattering in the region around the Cu,O bands. This is consistent
with our results on Cu,O as a necessary intermediate in the electrochemical synthesis of
CuBTC (see Chapter 3). The findings presented here suggest that the Cu,O intermediate is
significantly destablized in the presence of BTC as its amount is reduced compared to the
BTC-free solution. The protons from the linker molecules most likely help etching the Cu,O,

producing Cu®* in the process which can then form CuBTC.
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4.5 Conclusion & Outlook

The potential-dependent interaction of BTC with Cu in ethanolic electrolyte has been in-
vestigated. Cyclic voltammetry shows an energetic delay of Cu deposition and oxidation in
the presence of BTC, suggesting the formation of a molecular adlayer of BTC at the metal
surface that induces an overpotential for the deposition of bulk Cu and the oxidation of the Cu
layer. EC-SERS confirms the existence of adsorbed BTC on Cu below 0 V vs Cu. The surface
coverage of the adsorbed BTC layer depends on the applied potential where more anodic
potentials lead to a higher amount of adsorbed BTC. Above 0 V, we observe a transformation
within ten minutes of BTC adsorbed at metallic Cu(0) to complexed BTC-Cu(2+) in the form
of CuBTC.

This is to our knowledge the first time spectroscopic insight into the electrochemical interface
during electrochemical CuBTC synthesis is presented. Additionally, for the first time, a
BTC-metal interaction prior to the oxidation of Cu is reported for this system. The adsorption
of BTC at Cu prior to MOF formation could be the explanation for the commonly observed
strong adhesion of CuBTC to the Cu electrode, a fairly unique property of electrosynthesized
CuBTC compared to other electrochemically produced MOFs.®!l The linker molecules
that are adsorbed to the surface could present a seeding layer for the attachment of the first
Cu?* ions and therefore inherently link the growing MOF with the surface. We currently do
not know, whether a BTC layer also forms on the cuprite intermediate that we observe for
the synthesis of CuBTC (see chapter 3) or whether Cu oxidation to Cu®* and attachment
to the surface might happen at different positions on the sample simultaneously. While
we do observe a slight increase in the signal for Cu,O at more positive potentials in our
EC-SERS spectra, the spatial resolution of EC-SERS (=~ 300-500 nm) does not allow us
to distinguish between both Cu,O and BTC being present at different places in the laser
focus or actually occurring together at the same position on the Cu surface. A spectroscopic
technique with a better spatial resolution, such as electrochemical Tip-Enhanced-Raman
Spectroscopy (EC-TERS)[!4:146] with spatial resolution in the range of 10-20 nm, could

help answer this question.

In the ongoing search for new surface-anchored, electrosynthesized MOFs, based on our

results, we advise looking for other metal-linker combinations where a strong adsorption of
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the linker to the surface of the metal (or a metal oxide) is to be expected, such as i.e. amine
functionalized linkers on zinc oxide surfaces.[!4-148] These combinations could prove to be

valuable starting points for the rational planning of MOF coating syntheses.

Until now we have focused on the early stages of CuBTC growth in unraveling the oxidation
mechanism of Cu (chapter 3) and the adsorption of BTC to the surface prior to electrochemical
growth. We now shift our focus to the solution phase chemistry between Cu?* and the linker
to further investigate how the growth proceeds from these early stages. We aim to understand
the reason for the high rate of the electrochemical synthesis when compared to other synthesis

methods, such as the solvothermal synthesis.



Chapter 5

Kinetics and complex chemistry
of CuBTC growth

In this chapter we study the room-temperature growth kinetics of CuBTC in solution and
gain insight into the coordination chemistry during the synthesis. In Appendix A we briefly
show that we can extrapolate the mechanism of solution-based CuBTC growth to the elec-
trochemical growth. We aim to understand why the electrochemical synthesis of CuBTC is
much faster than the commonly used solvothermal approach. In addition our results facilitate
the design of more efficient MOF production facilities through insight into the kinetics of the

MOF formation mechanism and possible side reactions.

The crystallographic properties of MOFs, such as their morphology and underlying crystal
structure, and the coordination geometry within the crystal are routinely investigated when a
new material is synthesized. 14%:159 The supposedly rich but very hard to assess coordination
chemistry during the synthesis of the material is rarely studied. This leads to a gap in our
knowledge about the elementary reactions during MOF synthesis, making the development

of predictable synthesis strategies difficult to impossible.

While nucleation and growth of CuBTC crystals has been studied in-situ using for example
X-Ray diffraction%! or light scattering[’>! little is known about the coordination chemistry
during the synthesis. It is, unclear if the copper paddlewheel, the secondary building unit of

CuBTC, is the only possible complex that Cu?* and BTC can form in the synthesis solution
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or if there might be intermediates/side-reactions to the formation of the paddlewheel and
ultimately the MOF. We set out to understand the coordination chemistry during homogeneous
CuBTC nucleation and growth from its basic components Cu?* and BTC and connect our
results to the electrochemical synthesis. For the first time we study how the interplay of these

components can change the kinetics of CuBTC formation.

While previous kinetic investigations have mainly focused on the effect of the synthesis
temperature at fixed concentrations,”# in this chapter, we investigate the effect different
reactant concentrations have both on the general kinetics of room-temperature CuBTC
growth as well as on the chemical composition of the solution. We combine our experimental
data with a chemical reaction model that we numerically evaluate in order to gain clearer
understanding about the role of the different chemical species during the synthesis. The
model shows good qualitative agreement with the experimental results. Finally we investigate
the effect the different concentration conditions have on the final product of both the solution-
based synthesis as well as the electrochemical synthesis and explain the results in the

framework of our reaction model.

The following results are being prepared for submission to Chemical Communications.

Appendix B contains supporting information for this chapter.

5.1 Experimental details

We use ethanolic solutions of varying BTC and copper nitrate concentrations and measure
their UV/VIS absorbance over a time period of multiple hours with a temporal resolution of
90 seconds. The copper concentrations we used are generally about 2 orders of magnitude
below what is usually used in the synthesis of CuBTC (1 mM vs 100 mM) in order to slow
down the reaction to match the temporal resolution of our experiment. The UV/VIS spectra

were measured using an integration sphere setup (as explained in section 2.2.1).

For each experiment the cuvette was cleaned using first 2% HCI to remove residual CuBTC,
then 3 rounds of rinsing with MilliQ water and finally another 3 rounds of rinsing with
absolute ethanol. The cuvettes were dried in a nitrogen stream. The cuvette pathlength was 5

mim.
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The cuvettes were always filled in the same order: First a certain amount of 0.032 M MTBS
in absolute ethanol was filled into the cuvette. Then the necessary volume of 0.013 M
Cu(NO3);, x 2.5 H,O in absolute ethanol was added to obtain the final desired concentration
of Cu”* ions in solution. Finally a solution of 0.15 M BTC and 0.032 M MTBS in absolute
ethanol was added to set the final concentration of BTC. The total final volume prepared and
filled into the cuvette was always 1.5 mL. Since the amount of Cu(NO3); solution added
is in the range of only 100 ul the MTBS concentration can be assumed to be equal for all
experiments and should therefore not have an effect on the reaction. The cuvette was closed
with a teflon cap and shaken for 10 seconds before it was placed into the instrument and the
measurement was started. The total time between the addition of the BTC and the start of
the measurement is below 20 seconds. The blank reference for every measurement was a

solution of the same composition without the copper nitrate.

A new spectrum was taken every 90 seconds. Acquisition of one spectrum took roughly 85

seconds since the detector wavelengths were scanned for the measurement.

5.2 Kinetic traces of CuBTC growth from UV/VIS experi-

ments

Figure 5.1 shows results of a time-resolved UV/VIS absorbance experiment measured in
a solution containing 1 mM Cu?* and 18 mM BTC. Figure 1 a) shows raw spectra. The
first spectrum (shown in the lightest grey hue) shows a UV/VIS spectrum with a single peak
with a maximum value around 0.025 abs. un. at 800 nm. As time progresses, the overall
intensity of the spectrum increases. The increase is mainly due to the appearance of a second
peak around 710 nm that increases in intensity over time ending at 0.1 abs. un. after ~ 100

minutes. The increase in the peaks intensity is accompanied by a rise in the spectrum around
500 nm.

The first spectrum, measured around 20 seconds after mixing the solutions, closely matches
the spectrum of a pure Cu(NO;), x 2.5H,0 solution of the same concentration (1 mM,
see Appendix B Figure B.2). The initial copper species is the same as in a BTC free

solution. This species is most likely a Cu?*-hydrate-nitrate complex, a Jahn-Teller distorted
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Figure 5.1 Overview over a single UV/VIS kinetic measurement. a) UV/VIS absorption
spectra taken 90 seconds apart in a solution containing 1 mM Cu?* and 18 mM BTC. Darker
spectra were measured at later times. b) Spectra taken as the two component spectra for the
non-negative least squares fit as described in equation (1) in Appendix B. c) Evolution of the
fit coefficients (normalized to their maximum value) for the two components over the time of
the experiment.

octahedral complex with ethanol/water in the equatorial positions and the labile nitrate
in the axial positions.!!>!] The absorption stems from a d-d transition in Cu?*. The last
spectrum measured, with its absorbance peak at 710 nm matches the d-d transition of the
MOF CuBTC reported in literature. 331521 To investigate the kinetics of the synthesis of
CuBTC, we deconvolute the spectral contributions of the precursor and CuBTC. Figure 5.1
b) shows the two normalized spectra that were used for a non-negative least squares (NNLS)
fit on the experimental data to extract the spectral contributions. Component 1 is Cu(NO;),

x 2.5 H,0 in ethanol. The second spectrum is taken from a separate NNLS fit with a free
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floating spectral component as detailed in the Appendix section B.3. This component is

identified as CuBTC.

According to Beer’s law, the measured absorption is directly proportional to the concentration
of a chemical species (A = € - ¢-d, with € the molar absorbance coefficient, ¢ the concentration,
and d the thickness of the cuvette). We treat the measured spectra as superpositions of the two
component spectra weighted by a fit coefficient taken from the NNLS fit that is proportional

to the concentration of the species in the solution.

Figure 5.1 c) shows traces of the NNLS fit coefficients taken from the experiment. The NNLS
was run for every single spectrum of the experiment and the extracted fit coefficients were
plotted against the time the respective spectrum was taken from starting the measurement.
Starting with the coefficient of component spectrum 1 (blue), we see that the coefficient is
maximum at the beginning of the experiment. After a short amount of time (= 10 minutes),
the coefficient starts decreasing with increasing speed. After 20 minutes a minimum is
reached after which the contribution increases again. The coefficient for component spectrum
2 (green) is O in the beginning. After an induction period of 10 minutes, where almost no
changes can be observed, its contribution starts increasing, reaching its maximum slope after
around 25 minutes until it starts leveling off, approaching saturation at around 0.1 after 100

minutes.

The profile for the precursor (component 1) can be explained if we take into account that
the spectrum of component 2 is derived as a free-floating component from a NNLS fit
with a known component and experimental data as input. Our deduced CuBTC spectrum
(component 2) is expected to lack intensity in the high wavelength region (800-850 nm), as
the intensity in that region can mathematically also be gained by increasing the contribution
of component 1. The ’true’ spectrum of CuBTC will be a linear combination of component
2 with a small contribution of component 1. Therefore, the contribution of component
1 will mathematically increase as the amount of CuBTC increases in solution. Reliable
information about the precursor is lost. In this example experiment the point at which the
reliable information is lost is estimated to be around the time we start seeing in increase in
the apparent concentration of component 1 after around 20 minutes. We will not discuss
the concentration traces for component 1 (they are shown in Figure B.3) as the important

information lies in the kinetics of the production of CuBTC, thus component 2 which only
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Figure 5.2 Fit coefficients for component 2, identified as CuBTC, over the time of the
experiments at different concentration conditions. a) Fit coefficient vs time at different
BTC concentrations as noted in the legend. The Cu?* concentration was fixed at | mM. b)
Fit coefficient vs time at different Cu?* concentrations as noted in the legend. The BTC
concentration was fixed at 38 mM.

describes the growth of CuBTC. It should also be noted that elastic light scattering of the
growing CuBTC crystals will induce an apparent absorbance over the whole spectral range
and increase the determined contribution of both components. This scattering effect is
difficult to quantify. For the shape of the spectrum it means that throughout the whole
spectral range the measured absorbance will be higher than the pure absorption. Towards the
lower wavelengths the scattered intensity will generally increase, as elastic scattering scales
with A ~4. While the total determined concentration of CuBTC will be overestimated, due to
the light scattering by the growing crystals, the relative kinetic information is not expected
to change. Faster growing crystals will also show an earlier influence of the scattering
contribution. Assuming the resulting crystal sizes are comparable between experiments
(which we prove to be a reasonable assumption later in section 5.6.1), the scattering will not

change the relative kinetic information we obtain from different experiments.

5.3 The inhibiting effect of BTC on CuBTC growth

To better understand the interplay of Cu>* and BTC in the solution, we now want to observe
how different concentrations of the two reactants change the behavior of the concentration

transients of CuBTC that we observed in the previously discussed experiment. Figure 5.2
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shows the fit coefficients of the CuBTC component for different BTC and Cu* concentrations

over time. The spectra used for the NNLS fit are those shown in Figure 5.1 b).

Figure 5.2 a) contains growth traces at a fixed Cu®* concentration (1 mM) but varying BTC
concentrations. All traces generally show the same behavior. After an induction period the
growth starts and increases before leveling off. As the BTC concentration increases the
induction period increases as well. At 9 mM BTC, it is almost not measurable in the time
frame of our experiment. At 18 mM the induction period is already ~ 3 minutes long and it
gradually increases to about 350 minutes in a solution containing 93 mM BTC. Secondly,
the growth rate, after the induction period, also decreases as the BTC concentration in the
solution increases which can be seen in the slope of the concentration transients. For the
lowest BTC concentration (9 mM) the maximum slope is around 2:10~2 min—!, for the
highest BTC concentration (93 mM) the maximum slope is around 2-10~* min~!. We
observe that, contrary to chemical intuition, BTC slows the formation of CuBTC by both
increasing the induction period and by slowing down the growth rate. Some traces show a
drop in the fit coefficient towards later times. This is due to a settling of the grown CuBTC
crystals in the cuvette due to gravity, and thus out of the excitation beam which decreases the

measured absorbance.

Figure 5.2 b) shows the effect of different Cu>* concentrations on the growth process at
a fixed BTC concentration of 38 mM. This medium BTC concentration slows down the
growth sufficiently to let us measure the induction period in the time frame of our experiment.
Again, the traces show the previously observed general behavior of induction, growth and
saturation of the growth. This time, however, the induction periods get shorter as the Cu?*
concentration increases. Additionally, the maximum rate or the maximum slope of the traces,
increases with the Cu®* concentration. For the lowest Cu?* concentration (0.5 mM) the
maximum slope is around 3-10~* min~! and for the highest Cu?* concentration (2.5 mM) it
is around 4-10~2 min~!. This matches the expected behavior of faster reactions at higher
reactant concentration. The maximum value of the traces also increases with increasing Cu®*

concentration, indicating that consumption of Cu®™* is the limiting factor for the synthesis.
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5.4 Developing a chemical reaction sequence

We want to develop a phenomenological chemical reaction model that is able to explain
most of the observations pointed out in the experimental data. To explain the ’incubation’
period, the increase in rate, the leveling off of the traces and the unexpected slow-down effect
of BTC on the reaction, our model needs several distinct features that we will first discuss

generally and then specify in detail to fit the CuBTC system.

First, the incubation period and increase in the speed of the reaction towards the middle of
the growth can be explained with a nucleation-growth model, as has already been proposed
for many crystal-growth mechanisms like for example by Lutsko et al. on the example of
Zeolites. In essence, nucleation is usually hindered due to being thermodynamically "uphill’,
while growth onto an already existing nucleus or crystal surface is energetically favorable
and thus quicker. Existing crystal surface thus has a cooperative effect on further growth. 133

The actual growth can then be described by two different chemical reactions:

Assuming a system with metal ions M (we omit the charges) and linker molecules L that

form a solid state material ML,, nucleation takes place according to:
M +yL<LML, (5.1)

While the elementary nucleation step/formation of a nucleus itself will be a reversible
equilibrium reaction, we opted to define the species ML, as the first thermodynamically
stable species. The reversible formation and dissolution of a nucleus is therefore incorporated

into the kinetic constant k.

The surface catalyzed growth reaction, where an existing MLy—unit (ML, ] (the square
brackets indicate a surface site on the existing ML, material) facilitates further growth by

giving an anchor point to attach further ML, units would follow:

M +yL + [ML,] <2 [ML,]---ML (5.2)

y] y

The higher [MLy], thus the more crystal surface already available, the more reaction (5.2)
will be favored over (5.1). These two equations are able to describe general crystal growth

and nucleation on a pure concentration level and can model the general observation that
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existing crystal surface catalyzes further crystal growth. The exact differences between
growth and nucleation will depend on the system investigated and will manifest in differences
in the kinetic rate constants k; and k,. The proposed equations also explain the leveling-off
effect we observe. As the amount of the metal-cation precursor M decreases, the reactions
will naturally slow down and thus be limited by the overall amount of precursor available.
While the same is true for the ligand L, in our experiments the concentration of the ligand

was always sufficiently high as to not become the limiting factor.

The model additionally needs to explain the inhibiting behavior that the ligand has. To be able
to inhibit the growth, the ligand must be part of a chemical reaction that leads to a formation
of an inactive/slow-reacting species. Otherwise an increase in the linker concentration would,
according to equations (5.2) and (5.1), always lead to an increase in the production rate of
ML,. A prerequisite for the formation of this inactive species is, that it must be favored over
the formation of the desired product ML, at high concentrations of L. This requirement can
only be fulfilled if the stochiometric ratio of L to M is larger in the reaction that forms the
inactive/slow-reacting species when compared to the formation of ML,. Only then can an

increase in the concentration of L lead to an overall decrease in the production rate of ML,.

We therefore propose that the inhibition stems from a reaction that produces an overcoor-
dinated species ML, (with x >y) that is either slower to react to the final product MLy or
unable to react at all, but can react back to the pure precursor M. To complete our model we
make both pathways accessible; a reversible reaction of M to ML, as well as a slow reaction

of ML, to MLy. We propose the following reactions:

The reversible formation of the slow-reacting overcoordinated species ML, :

M + xL<25 ML, (5.3)

kar
The attachment of the overcoordinated species to existing material, leading to crystal growth:

ML, + [ML,]<5[ML,] - --ML, + (x—y)L (5.4)

With increasing L concentration, the velocity of reaction (5.3) will increase more strongly

than that of equations (5.1) and (5.2) due to the higher L/M ratio in equation (5.3). More M
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will be “trapped’ in the slow-reacting species ML, decreasing the overall production rate of
ML,

5.4.1 Adaption of the model to the CuBTC system

We now adapt the general equations proposed so far to our system. The initial solvated
Cu?* species is discussed as Cu as to not make these phenomenological reaction equations
confusing with respect to charge balances. As we know that the structure of CuBTC contains
dinuclear Cu-paddlewheels as its fundamental building unit, the nucleation and growth

reactions reflect this accordingly. Adapting equation (5.1) to our system then leads to:
2Cu +4BTCLCu,BTC, (5.5)

While it is debatable if a single Cu-paddlewheel already serves as a nucleus, in the frame of
our model this description suffices. Analogous to equation (5.2), for crystal growth catalyzed

by existing CuBTC-MOF we then get:
[Cu,BTC,y] +2Cu+ 3BTC£>[Cu2BTC4] ---Cu,yBTC, (5.6)

Here [CuBTC] again denotes a surface site on an existing CuBTC crystal that serves as an
anchor point for the next building unit. We assume that only three free BTC molecules are
needed. The last BTC molecule needed to complete the paddlewheel could be a molecule that
is part of an already existing CuBTC crystal and is used as an anchor for the new paddlewheel
unit. The attachment of a complete dinuclear paddlewheel unit (Cu,BTC;) is consistent
with the in-situ AFM studies of John et al. who observe that CuBTC grows in a step wise
fashion. The height of one step on a growing CuBTC crystal matches the height of a single

paddle-wheel unit. 73!

To investigate the possible structure and coordination number x of the overcoordinated
species CuBTC, that we assume to be present based on our general model (equation (5.3)),
we measured the UV/VIS spectra of solutions with different BTC concentrations at a fixed

Cu concentration of 1 mM immediately after mixing the solutions as shown in Figure 5.3 a).
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Figure 5.3 a) UV/VIS spectra taken of growth solutions at different BTC concentrations
immediately after mixing the components. b) Integrated intensity of the UV/VIS spectra in
a) in the range from 500 to 800 nm vs the concentration of BTC in the solution. The green
line shows a fit of the data to equation (5.7). The inset text shows the resulting parameters
for K, € and &;.

Every spectrum was measured from a freshly prepared solution within 20 seconds of mixing

the solution.

While the low BTC concentration solutions (9 mM and 18 mM) show a spectrum very
similar to pure Cu(NO;), x 2.5H,0 in ethanol, with its peak around 800 nm, the higher
BTC concentrations show a gradual increase in the total absorbance intensity. In addition
there is a slight gradually increasing blue shift of the absorbance peak with higher BTC
concentrations. The spectral maximum shifts from 800 nm at 9 mM BTC to 740 nm at
138 mM. From the previous results (Figure 5.2) we know, that the blue shift cannot be
due to an immediate formation of CuBTC, as the CuBTC growth is significantly slowed
down at high BTC concentrations. E.g. for a concentration of 96 mM BTC we know that
measurable CuBTC growth only starts after 5 hours. The blue shift therefore indicates a third
spectroscopically identifiable component. The peak of this new species at 740 nm lies almost
exactly between the spectra of our components 1 and 2. We cannot include the component
in our kinetic fit of the data because its spectrum can also mathematically be described as a
linear combination of components 1 and 2. We can, however, infer other information from
those spectra. Assuming a reaction as described in equation (5.3), given concentrations of
L (BTC) and M (Cu) lead to a defined equilibrium situation (before the actual growth of
CuBTC starts to have a significant effect on the concentrations in the solution). According to

the mathematical derivation in Appendix B (section B.4) we expect the integrated UV/VIS
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absorbance over the investigated spectral range to follow the formula (5.7):

(o)) (Cu)
1 +Kco (BTC)

Imt =

7 (e14+&-K-co(BTC)") (5.7)

with ¢ (Cu) the starting concentration of Cu-ions in solution, co (BT'C) the concentration
of BTC in the solution, K the equilibrium constant for reaction (5.3), x the coordination
number and €; and &, the integrated absorbance coefficients for the two components over
the whole spectrum. Figure 5.3 b) shows the integrated total intensities of the measurements
from a). The green line in Figure 5.3 b) shows the fit of the experimental data to equation
(5.7) assuming a coordination number of x=3. The equation also fits the data reasonably well
with a coordination number of 2 (shown in B.4). Assuming one BTC molecule occupying
two coordination sites around the copper center via one carboxyl moiety, both coordination
numbers would lead to commonly observed structures of Cu!! complexes, 2 being a quadratic
planar configuration and 3 giving an octahedral complex that is expected to be Jahn-Teller
distorted.>* A dinuclear copper complex with 6 acetate ligands, that shows a structure
similar to the CuBTC-paddlewheel, has been observed before and would fit the 1/3 ratio of
Cu?* to BTC as well.[1%]

That we can describe the measured spectra and their integrated intensities with the above
discussed equation (5.7) very well shows, that the equilibrium reaction (5.3) most likely takes
place in our system with a coordination number of 3 ligands to 1 metal. We therefore propose,

according to the generally discussed reactions (5.3) and (5.4), the following reactions for our

model:
Cu+ 3BTC<II:—3>CuBTC3 (5.8)
3r
2CuBTC; + [CuBTC] <4 [CuBTC] - - Cu,BTC, + 2BTC (5.9)

5.5 Numerical validation of the chemical reaction model

We numerically evaluate the concentration profiles that our proposed set of reaction equations
((5.5), (5.6), (5.8) and (5.9)) would yield under specific experimental conditions. For details

on the setup of those numerical simulations we refer to Appendix B. We have to guess the
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Figure 5.4 Results of the numerical evaluation of the reaction model. a) CuBTC concentration
in the solution over time at different BTC concentrations. The starting Cu,™ concentration
was fixed at 1 mM. b) CuBTC concentration in the solution over time at different starting
Cu?* concentrations. The BTC concentration was fixed at 30 mM.

kinetic rate constants (ky, k2, k3, k3., k4) thus our model is not easily fit quantitatively to the

experimental data.

Figure 5.4 shows the results for the concentration traces of CuBTC in our numerical model

at fixed rate constants (as detailed in the Appendix).

Figure 5.4 a) shows the concentration of CuBTC over our arbitrary timescale at different
BTC concentrations (and a fixed Cu®* concentration of 1 mM). We see that at the beginning
of the simulation for all traces the concentration of CuBTC in the solution is close to 0. After
an induction period, the length of which increases as the concentration of BTC increases,
significant growth of CuBTC starts. For the 10 mM BTC solution, this induction period
lasts around 2000 time units while for the highest simulated concentration (150 mM) it lasts
around 15000 time units. The maximum speed (the maximum slope of the traces) decreases
with higher BTC concentrations. At the lowest BTC concentration (10 mM) the maximum
slope is 1-10~7 arb.un. while it is 3-108 for the highest concentration (150 mM). Towards
the end the changes in CuBTC concentration level off and approach a similar maximum limit

for all simulations.

Figure 5.4 shows the traces at different copper concentrations but a constant concentration of
BTC (30 mM). We see the same qualitative features as with the different BTC concentrations.

In this case, however, the induction periods get shorter at higher copper concentrations. In
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addition, the maximum rate of the traces also increases with the Cu?* concentration (1- 108

at 0.5 mM and 8:1077 at 2.5 mM).

The simulated traces qualitatively match the behavior of the measured data very well. The
model is able to reproduce all important features such as the induction period of the growth,
the leveling off due to a decrease in active Cu’* species towards the end, the increase in
overall speed at higher Cu?* concentrations and the slow-down effect of BTC on the overall

growth process.

As our model is able to describe all important experimental observations, we think to have
unraveled the chemical reaction sequence taking place during the production of CuBTC.
Without doubt, the proposed reactions will have sub-reactions where ligands are exchanged
one after the other, and transient intermediates form. For example it is known from in-situ
atomic force microscopy!”?! and quartz crystal microbalance!!>!l measurements that CuBTC
generally grows layer-by-layer, meaning that complete paddle-wheel structures attach to
already existing MOF. Therefore reactions (5.6) and (5.9) will, in reality, probably go through
a pre-formed intermittent paddle-wheel state. Our aim here was to minimize the amount of
chemical equations to the absolutely necessary ones to describe the experimental results. We
thus propose for the first time a slow-reacting CuBTC; leading to a significant decrease in
the speed of the formation of the MOF CuBTC at high concentrations of BTC. In section
B.1.3 we show the effect on the growth rate of CuBTC, when the inhibiting reaction (5.8)
is “turned off’. We observe that when the rate for the production of the inhibiting species

CuBTC,; is 0, the growth rate of CuBTC increases with increasing BTC concentration.

5.6 The effect of BTC concentration on crystal morphol-

0gy

Based on our model it seems beneficiary to perform MOF synthesis at low BTC concentra-
tions if fast reaction throughput is desired. To clarify, whether the reduced amount of BTC
has an adverse effect on the morphology of the synthesized CuBTC we now want to compare

CuBTC samples synthesized at different BTC and copper concentrations. In addition, we
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Table 5.1 Synthesis conditions for room temperature solution-based syntheses

Sample c(Cu®**) c¢(BTC) | mean crystal standard deviation of
edge length  the size distribution
I 25mM 37mM 180 nm 70 nm
2 1.0mM 9mM 180 nm 70 nm
3 1.0mM 37mM 200 nm 80 nm
4 1.0mM 55mM 220 nm 90 nm
5 05mM 37mM 220 nm 90 nm

investigate the effect different BTC concentrations have on the outcome of electrochemical

CuBTC synthesis.

5.6.1 Room-temperature solution based synthesis

We start with comparing CuBTC samples synthesized from homogeneous solution under
concentration conditions that match some of our UV/VIS experiments. The reaction volume
was increased to 10 mL to provide enough material for characterization. We performed
5 different syntheses the conditions of which are shown in Table 5.1. The conditions
were chosen in such a way that a medium concentration for both reagents (Sample 3)
can be compared to syntheses done at higher/lower Cu>* concentration (Samples 1, 5) or
higher/lower BTC concentrations (Sample 4, 2) respectively. The reactions were performed
for 16 hours at room temperature and the material isolated using centrifugation. Afterwards,
the blue powders that were isolated were investigated using SEM. Raman spectra confirmed

the successful synthesis of CuBTC in all cases (not shown).

Figure 5.5 shows representative SEM images of the different synthesis products. All samples
are dominated by large agglomorates (larger than the shown image sizes) of octahedral
crystals in the size range of 100 nm to 1 um. At first glance, the crystals in all images
are of roughly the same size and size dispersion, showing that there does not seem to be a
strong correlation between the concentrations of the reagents and the crystal morphology. It
should be noted, that Sample 1 with the highest copper concentration in solution did visually
produce more material than the other syntheses, in line with our previous conclusion that

copper is the yield-limiting reagent.
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Figure 5.5 Representative SEM images of the samples synthesized for 16 hours at room
temperature according to the synthesis conditions in Table 5.1. Scale bars are 1 um.

We measured edge lengths of crystals on 2-3 SEM images per sample. The measuring was
done manually using Image J. We estimate the human error of this manual measuring to be
around 15 %. The right side of Table 5.1 shows the mean edge lengths of the counted crystals
(at least 200 crystals per sample) as well as the standard deviation of the size distribution.
All mean crystal edge lengths range around 200 nm with standard deviations around 80 nm.
As the copper concentration increases the crystal size seems to drop from around 220 nm at
0.5 mM Cu?* to 180 nm at 2.5 mM. For BTC the trend is opposite with 180 nm mean edge
length at 9 mM BTC and 220 nm at 55 mM. The changes in the crystal sizes are miniscule,
especially comparing it to the large standard deviations. Our method of determining the
sizes is inherently flawed due to human error and low sample size. We would need to count

a vastly larger amount of particles to narrow down statistical variances and possibly find a
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correlation between concentration and crystal size. Due to the non-trivial contrast in SEM,
however, automation of the crystal counting proved to be difficult and as such we cannot
easily increase the sampling size. We therefore conclude that there is no statistically relevant
correlation between reagent concentration and crystal morphology under our evaluation
conditions. Since the BTC concentration does not have an effect on the crystal size, it is
therefore overall beneficial to decrease the concentration of BTC for solvothermal synthesis

of CuBTC as the concentration decrease will lead to faster production of CuBTC.

5.6.2 Electrochemical synthesis

We also want to investigate the effect of the BTC concentration on the sample morphology
in the electrochemical synthesis. We performed electrochemical synthesis as described
earlier with deoxidized copper plates as anodes in electrolytes containing 7 different BTC
concentrations between 3 and 43 mM. Otherwise the synthesis conditions were the same
as in the standard protocol, with 0.032 M MTBS in the solution, using non-degassed 98%
ethanol (with 2% added water) as the solvent. The synthesis potential was 0.2 V and the
synthesis was performed for 150 seconds. The synthesis potential was chosen low to mimic
the conditions of our UV/VIS experiments. At low synthesis potential, the current density
for copper dissolution will be low and will therefore keep the amount of available Cu?* low.

The copper anodes were investigated using SEM after the synthesis.

Figure 5.6 shows example SEM images at three different BTC concentrations. The SEM
images represent the lowest (3 mM), an intermediate (20 mM) as well as the highest (43
mM) BTC concentration used. For all samples we observe octahedral crystals of CuBTC in
the size range of 50-200 nm. As the BTC concentration increases, the crystal size decreases.
In addition, the higher BTC concentrations show larger gaps between crystals leading to a

significantly reduced surface coverage with CuBTC.

Figure 5.7 shows the mean crystal edge lengths as obtained from manually measuring the
crystals with ImageJ. Again at least 200 crystals were measured for every sample, spread out
over 2-3 different SEM images. We see that under the chosen electrochemical conditions
(low synthesis potential and short electrolysis times) the crystals are generally small (< 200

nm). For the lowest BTC concentration the crystals average around 130 nm edge length with
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Figure 5.6 Representative SEM images of samples electrochemically synthesized at 0.2 V
for 150 seconds in solutions containing: a) 3 mM BTC, b) 20 mM BTC, c¢) 43 mM BTC.
Scale bars are 500 nm.

a standard deviation of around 45 nm. As the BTC concentration increases, the mean crystal
sizes decrease (as does the standard deviation). At 25 mM BTC the crystal size dropped to
63 nm. Here a plateau builds and higher BTC concentrations up to 44 mM do not seem to

noticeably decrease the crystal sizes further.

Together with our observation from the SEM images that higher BTC concentrations lead to a
decrease in overall surface coverage of CuBTC on the copper electrode surface it seems that
less of the Cu®™ that is produced electrochemically (after the cuprite intermediate) is actually
converted to surface-bound CuBTC. The reason for the reduced coverage of the surface with
CuBTC can be found in our model of the nucleation and growth. Following this reasoning, at
higher BTC concentrations, more Cu?* is immediately bound in the slow-reacting CuBTC,
state according to equation (5.8). The slow reacting species can then diffuse away before
it can react to CuBTC and be unavailable for surface-growth of CuBTC. The results from
the electrochemical synthesis therefore support our model of an inhibiting/slow-reacting
overcoordinated CuBTC; species that preferentially forms at high BTC concentrations and

therefore decreases the amount of CuBTC that is formed on the surface.

5.7 Conclusion & Outlook

We were able to follow the progress of room-temperature CuBTC solution growth through
UV/VIS spectroscopy. With a NNLS fitting procedure we could separate the signal of CuBTC

from the signal of the precursor, obtaining kinetic information about the growth process.
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Figure 5.7 Mean measured crystal edge lengths for the electrochemical synthesis at different

BTC concentrations. The error bars are standard deviations of the crystal size distributions.

Using different concentrations of reactants we observed that while an increase in the Cu?*

concentration as expected leads to an increase in the reaction speed, BTC actually hinders
the reaction, slowing down the growth. We could disentangle a third Cu®* species that is
overcoordinated in BTC and very slow in reacting to CuBTC. Based on our observations we
developed a chemical reaction sequence to describe the nucleation and growth, including
the passivating effect of BTC. The model was numerically evaluated and compared to the

measured data, finding a strong qualitative correlation.

Room-temperature solution-based synthesis of CuBTC did not show a strong correlation
between the Cu?* or BTC concentrations and the morphology of the synthesized crystals.
In the electrochemical synthesis, however, we could observe a significant decrease of the
CuBTC surface coverage and the CuBTC crystal size on the copper electrode at higher BTC
concentrations. The overall reduced amount of CuBTC produced on the surface can be
explained using the inhibiting species proposed in our model. At high BTC concentrations
more of the electrochemically produced Cu?* is immediately bound in the CuBTC,; species.
Its slow reaction rate allows for diffusion away from the electrode surface before it reacts

to CuBTC, making it unavailable for surface-growth of CuBTC. Our model also offers an
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explanation for the very fast electrochemical growth at high potentials, when compared to
the classical solvothermal synthesis. As the Cu?* is produced immediately in front of the
electrode, the BTC/Cu ratio is locally so low, that the inhibiting CuBTC; species does not
form to a large degree. Most of the Cu?* can instead immediately react to CuBTC. The
electrochemical synthesis thus directly overcomes the inhibiting effect that large amounts of

BTC have on the kinetics of the reaction.

Summarizing, our study has shown that using lower concentrations of BTC leads to faster
reactions in the room-temperature solution synthesis with minimal effect on the final crystal
morphology. For the electrochemical synthesis a lower BTC concentration even increases
surface coverage of CuBTC on the copper electrode. It would therefore not only be economi-
cally preferable to use low linker concentrations (due to lower amounts of waste) but it also

can significantly decrease reaction times and produce better MOF thin film devices.

As we are limited in our experiment by not only the time resolution of our UV/VIS experiment
but also by the maximum absorbance of the sample, our experiments had to be conducted at
very low copper concentrations. While we don’t expect the chemical reaction mechanism
to change, it is hard to predict if the inhibiting effect of BTC is equally strong at high
Cu?* concentrations (=~ 100 mM). It could be worth to verify our model at high Cu?*
concentrations to approach industrial scale processes. Additionally other MOFs with BTC
as a linker and a similar coordination chemistry could show the same underlying chemical
reaction sequence. A generalization of our model could help the design of industrial scale

production of a large variety of different MOF materials.



Chapter 6

Summary and future directions

Metal-organic frameworks are crystalline hybrid materials that have a large variety of appli-
cations in i.e. catalysis, gas sieving and molecular sensing. Their modular structure, built
from metal cations and multifunctional organic linkers, makes them in principle ready to
be engineered for a specific purpose. The electrochemical synthesis using a metal anode
as the metal source is a fast, energy efficient and possibly very versatile approach to MOF
production. Wide-spread use of the electrochemical synthesis for the fabrication of MOF
materials for industrial applications is hindered by a lack of deep understanding about the
physicochemical processes during the crystal growth. In this thesis the redoxchemical and
molecular mechanisms behind oxidative Cu-MOF growth have been studied with the aim of

providing new tools to the synthetic chemist’s toolbox.

Oxidation mechanism of Cu In order to unravel the mechanism of the oxidation of el-
emental copper to Cu?* a combinatorial chemical approach was used. By systematically
excluding specific reagents such as water, copper oxides and oxygen from the synthesis
solution we were able to unravel a two-step oxidation mechanism with cuprite (Cu,0O) as
a necessary oxidation intermediate. We developed an easy approach to produce patterned
CuBTC devices by prepatterning a surface with copper oxide and performing the electro-
chemical synthesis under the exclusion of oxygen and water. Since neither water nor oxygen
are available to produce cuprite in-situ, CuBTC only grows at spots on the sample that are

already covered with Cu,O.
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Potential-dependent surface adsorption of BTC on Cu CuBTC is one of the few MOFs
that electrochemically grow on the surface of the electrode used as the metal ion source. As
surface-bound MOF coatings are interesting for membrane applications it is important to un-
derstand what makes CuBTC special in that regard. Using electrochemical surface-enhanced
Raman spectroscopy and cyclic voltammetry, we investigated the potential dependent in-
teraction between the BTC linker molecule and a copper surface at potentials below the
MOF formation potential. We found that the closer the electrochemical potential is set to the
synthesis potential of the MOF, the more BTC adsorbs onto the surface. After the potential
threshold for MOF growth was crossed, we could spectroscopically follow the transformation
of the BTC adlayer to surface-bound CuBTC. We propose that the strong interaction of
BTC with the electrode prior to the actual growth of CuBTC leads to the BTC being the
connecting layer between Cu and CuBTC that ultimately leads to surface attachment of
the crystals. Future endeavors to produce surface-bound MOFs should therefore start with
other cation-organic linker pairs that are known for strong specific interactions between the

molecule and the surface of the metal.

Kinetics and complex chemistry of CuBTC growth Short synthesis times are especially
important for industrial production and application of materials. In addition, it is important
to know the chemical reactions during a given material synthesis as to be able to calculate
energy balances and optimize synthesis routes with respect to optimal educt ratios. In order to
facilitate proper planning of large-scale CuBTC productions and also unravel the origin of fast
electrochemical growth we investigated the kinetics of homogeneously nucleated CuBTC. We
found that, contrary to chemical intuition, an increase in the concentration of linker present
in the synthesis solution leads to a decrease in the overall speed of CuBTC production. We
developed a chemical reaction model that describes crystal nucleation and surface-catalyzed
growth as well as the reversible formation of a slow-reacting, overcoordinated CuBTC,
species. A numerical evaluation of the model shows, that it can accurately describe the
experimental results. Our results therefore not only help develop faster synthesis protocols
(by decreasing the amount of BTC in the solution) but also give insight into the usually hard

to assess complex chemistry during the formation of CuBTC.
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A series of electrochemical CuBTC syntheses at different BTC concentrations reveals that
high linker concentrations lead to a decrease in the overall crystal size and coverage of
the surface, which we can explain on the basis of our model. We conclude that for large-
throughput syntheses of CuBTC, the linker concentration should be balanced to match the
desired requirements to the synthesis in terms of overall speed and yield. Additionally
lower BTC concentrations can actually be beneficial in the electrochemical production of
high-coverage MOF membranes. Our model can also yield an explanation for the accelerated
electrochemical growth compared to the classical solution-based method, as the locally very
high concentration of Cu®* ions in front of the electrode lessens the inhibiting effect of large

BTC concentrations.

Summarizing we find that the sequence for the electrochemical production of CuBTC is as

follows:

At potentials more anodic than 0 V versus Cu in presence of water or oxygen Cu is oxidized
to cuprite in a first step. A second oxidation step, which uses the protons that dissociate from
the linker molecule to oxidize the cuprite further to Cu?* follows as we know from the work
of Campagnol et al.[””! The BTC molecules have, at these high potentials, a large propensity
to adsorb to the copper surface. As such, a layer of BTC forms on the copper electrode that
can serve as an anchor point for the copper ions liberated from the electrode. The attached
copper ions then serve in turn as the nucleus for CuBTC growth which happens through the
attachment of complete paddlewheel units to the existing framework. High concentrations
of Cu?* in front of the electrode lead to a suppression of the formation of the slow-reaction

CuBTC,; species and thus the electrochemical growth proceeds very fast.

Some questions still remain. It is unclear, whether BTC also has a high propensity to adsorb
onto the intermediate cuprite layer. Our observation that CuBTC also grows on cuprite
particles would support this. However, we cannot specroscopically verify this based on our
results. If BTC does not also adsorb to cuprite, it is unclear if oxidation of Cu and nucleation
of CuBTC happen at the same area of the copper electrode, or if they might be spatially
separated. It is hard to imagine a surface that is constantly being dissolved forming a stable

basis for the attachment of the BTC linkers (and subsequent nucleation of CuBTC). A spatial
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separation between the two processes, however large, could explain our observations. As we
do not know at which length scales this separation would take place, in-situ spectroscopic
techniques with high spatial resolution should be employed. We recommend, for example, the
use of electrochemical Tip-Enhanced-Raman scattering (EC-TERS) which yields chemical
information with spatial resolutions in the range of 10 nm.[#>-146] Finding possibly different
domains during the growth could give more information about the exact structure of the
electrochemical interface during the synthesis and help us fine tune the parameters for the

production of CuBTC with desired mesoscopic properties.

The insight gained in this thesis can lead the way to new and better MOF synthesis protocols.
Our r can also serve as the starting point for further mechanistic studies on MOF growth.
In a first step other MOFs should be investigated with our results in mind to see if CuBTC
can help define the general characteristics of electrochemical MOF synthesis. To start, other
copper-based MOFs with different linker molecules should be synthesized electrochemically
and investigated as to whether cuprite is a universally necessary intermediate for the oxidation
of Cu to Cu?*. To check whether BTC is the defining factor for the surface adhesion of
CuBTC and the peculiar kinetic behavior we observed, other MOFs based on BTC as a linker
should be investigated in a similar way. Generalizing the mechanistic peculiarities of CuBTC
will help in developing a universal model of MOF growth which will ultimately be necessary

if we aim to be able to rationally plan the synthesis of any MOF material in the future.









Appendix A

Crystal growth of oxidatively
synthesized CuBTC

In chapter 4 we have shown that CuBTC most likely nucleates on the BTC layer that forms
on Cu surfaces under electrochemical conditions. We still need to answer the question as to

how the growth proceeds afterwards.

For the conventional, solvothermal synthesis of CuBTC starting from dissolved Cu®* as
the copper precursor, Anderson et al. were able to investigate the growth using in-situ
AFM.!7273] They found that the steps that appear on the (111)-facet of a growing CuBTC
crystal show well defined heights across the whole crystal. The heights of these steps match
the distances of sublayers of the (111)-cut through the unit cell. In CuBTC’s crystal structure
the height of a single (111) step is 1.52 nm. A (222) step would therefore be 0.76 nm high.
John et al. found these distances in their AFM measurements, showing that complete building

blocks of Cu and BTC together attach to the existing crystals at once and not procedurally.[”3

As we have shown before, the electrochemical growth of CuBTC shows some peculiarities
in its overall growth mechanism which call into question if the results of John et al. can be
immediately transferred to the ec synthesis. We set out to reproduce John’s measurements
using in-situ AFM during the electrochemical growth. Due to experimental issues, we were
not able to monitor the growth under electrochemical conditions. We could, however, monitor

the growth starting from a copper substrate that is aerobically oxidized to CuBTC similar
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to the previously discussed electroless oxidative synthesis (see chapter 3). As we assume
that the aerobic oxidative mechanism is essentially the same as the electrochemical anodic

mechanism we can transfer our insight to the electrochemical case.

A.1 Experimental details

We first investigated a sample that was grown electrochemically under standard conditions
at 0.2 V for 80 minutes using AFM in air. The surface was searched for a single crystal
with a facet almost perfectly parallel to the sample plane. This was done to reduce possible
issues with distortions due to the scanned plane being at an angle with respect to the scanning

direction of the AFM.

For the in-situ measurement we used 500 nm of evaporated copper on a glass slide as
a substrate. The substrate was first imaged in air to establish the measuring parameters.
Afterward ethanol was added to the liquid cell and the system was equilibriated for 30
minutes. The ethanol was removed through a syringe and a solution of 0.15 M BTC in 6%
H,0/94% ethanol was added. We started imaging the substrate surface at different positions

until we could see CuBTC crystals growing through aerobic oxidation of the Cu substrate.

A.2 Stepwise oxidative growth of CuBTC

Figure A.1 shows an AFM image of a CuBTC crystal with a facet almost parallel to the
sample plane (and thus the scan direction of the AFM). Due to the low synthesis potential of
0.2 V and the long synthesis time of 80 minutes the crystal has grown to be larger than 2 um.
The image was plane corrected so that the facet is parallel to the viewing plane. The facet is
not flat but rather shows structures on its surface. We can observe elevated particle like areas
on the surface in the size range of 20-100 nm. In addition two larger elevations in the size
range of 500 nm are seen. These elevations are most likely CuBTC crystals that nucleated
on top of the existing crystal and started growing there, similar to what Shoaee et al. saw in
their in-situ AFM studies.”?! This is evident through the triangular shape of especially the
bottom right large elevation as this is most likely a CuBTC(111) facet.
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Figure A.1 AFM image of the topfacing facet of an electrochemically grown CuBTC crystal.
The image was plane flattened so that the crystal facet is parallel to the image plane.

In addition a few pits can be seen on the crystal surface with no distinguishable preferred
shape. These are most likely crystal "defects’ that still need to grow into a uniform layer
of CuBTC. On the very top of the crystal a few step-like structures can be observed. To

investigate these structures further the scan area was reduced to increase lateral resolution.

Figure A.2, left shows a zoom onto the top part of the crystal seen in Figure A.1. The
previously only barely perceivable steps on the crystal surface are now more visible. It is
obvious that the steps follow specific directions and generally show a three-fold symmetry as
is to be expected from the (111) facet of a cubic crystal structure. The line profiles shown
on right of Figure A.2 were taken at the indicated positions in the AFM image. The profiles
show distinct steps preceded and followed by rather flat areas on the surface. We calculated
the height of the steps by taking the difference of the median height of around 15 nm after
and before the step itself. The calculated values are shown in the figure as an annotation to
the corresponding step. As mentioned previously the image had to be plane corrected and
especially line 3 still shows that the correction is not perfect. Thus the step heights will have

a significant error that we estimate to be at least 20 %.

The step heights measured in lines 1 and 2 range around 1.8 0.4 nm and the steps in line 3

are around 0.9 0.2 nm. Within the errors the step heights match the steps that John and
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Figure A.2 left: Zoom of the facet shown in Figure A.1. The image is plane-corrected, so
that the facet itself is in the scanning plane. right: height profiles taken along the lines drawn
on the image on the left.

Shoaee!”>13%! found in their in-situ AFM studies on the room temperature solution based
synthesis, and therefore also match the (111) and (222) step heights of 1.52 nm and 0.76 nm
respectively that are to be expected for CuBTC. Our ex-situ investigation therefore suggests
that the electrochemical growth of CuBTC might follow the same building-block addition

mechanism that has been proposed in literature.

A.3 In-situ investigation of the CuBTC growth mechanism

To check whether the observed steps really originate from an attachment of building blocks to
the outer facets of an existing crystal we performed in-situ AFM. As mentioned previously we
unfortunately, due to unforeseen interactions between the cantilever and the electrochemical
processes on the substrate, were unable to investigate the actual electrochemical synthesis.
However, as we have shown in Chapter 3 the applied electrochemical potential can be
substituted by using dissolved oxygen in the synthesis solution which can oxidize the copper
substrate and produce the necessary Cu”* ions. A non-degassed electrolyte already provides

sufficient oxygen for the synthesis.

Figure A.3 shows on the left side a non-corrected image of the Cu substrate surface after
being immersed in the BTC containing synthesis solution for around 90 minutes. We see

the edges of several large elevations, up to 2 um in diameter and over 1 um high. The one
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Figure A.3 left: Uncorrected AFM image of a copper surface immersed into oxygen-
containing BTC solution in ethanol for 90 minutes. right: Series of images of the same
crystal facet at different times. The times are denoted relative to the first image in the series.
All images were plane corrected to bring the crystal facet into the imaging plane.

complete entity we see has a pyramidal shape indicating that this is most likely a CuBTC
crystal. Already we can see hints of triangular shaped steps, particularly at the bottom of the
facet that point towards the edges of the crystal facet. The right side of Figure A.3 shows
a zoom onto this facet. The images were now plane corrected to bring the facet itself into
the image plane. The three images show the same crystal facet at different times. We can
see that the facet changes its local structure significantly over time. The general shape of the
substructures is always triangular and the triangles are rotated by 45° compared to the facet

itself.

While we cannot reasonably measure the height of the steps, since the initial inclination
of the facet was too high to allow for precise measuring, we can still together with our
results from Figure A.2 argue that the steps we see are the same kind of growth steps that
are reported in literature. The fact that the facet’s microstructure is changing over time
suggests that building units are still being attached to the facet during the course of our in-situ
imaging procedure. We therefore conclude that the mechanism of oxidative CuBTC growth
onto existing crystals is the same as for the room-temperature solution based synthesis with
preassembled Cu?*-BTC building units attaching to the the existing facet to continue the

crystal structure similar to what has been proposed by Campagnol et al.[”°]
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Supporting Information for
Chapter 5

B.1 Details on the kinetic model and the numerical simula-

tion

B.1.1 Kinetic rate equations

The change of all components in the reaction sequence detailed in chapter 5 was tracked
through the numerical evaluation of the rate equations. Variables in square brackets are
concentrations. [Area] is a measure of the exposed area of the already existing CuBTC
crystals, for the derivation see section B.1.2. [N.] is the number of crystals that nucleate and
is tracked separatly from (but also added to) the overall concentration of CuBTC to allow
for the determination of the average exposed area of the crystals. [MOF], the concentration
of CuBTC, should be understood as a total concentration of copper ions bound in a paddle
wheel structure, as such all reactions producing the MOF produce twice the amount, since
they originate from two copper ions each. This keeps the overall concentration of copper-
containing species in solution constant throughout the simulation.

d[Cu]
dt

— —2k;[Cu]?[BTC]* — 2k, [Cu]*[BTC]*[Area] — k3[Cu|[BTC]® 4 k3,[CuBTC;] (B.1)
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dNe] _ ko [Cu]2[BTC* (B.2)

dt
d[ﬂg)ﬂ =2¢ ZZ"] + 2k [Cul*[BTCJ [Area] + 2k4[CuBTC? (B-3)
d [CuZTC3] — k3[Cu][BTC)? — k3, [CuBTC;] (B.4)

B.1.2 Derivation of the active area

As crystal growth is dependent on the already present area of CuBTC in solution, it is
necessary to derive an expression that connects the total amount of CuBTC and the number
of crystals in solution to an expression that can give a proportional area that those crystals

can present to the solution. The derivation is shown in the following.

A is the active area of a single CuBTC crystal, V is the volume-equivalent of said CuBTC

crystal. The crystals are approximated using spheres.

The volume of a crystal in the solution will be directly proportionate to the MOF mass in
the crystal. The mean CuBTC mass (m(MOF)) of a crystal in the solution can be calculated
using:

_ [M OF ]toml

m(MOF) = == (B.5)

With N, as the number of crystals in the solution and [MOF ], the total mass of CuBTC in
solution. Any proportionality factor between the mass of the crystal and its volume will be
folded into the final kinetic constant which is why for the purpose of getting an active area

we can equate the mass with the crystal volume and omit the proportionality factor.
m(MOF) =2V (MOF) (B.6)
For the surface A and volume V equations of a sphere we have:
A = 4ar? (B.7)

4
V= §Er3 (B.8)
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We thus obtain

e\% 2/3
A=4- - B.9
m ( 47:) (B.9)
Inserting equation (B.5) we obtain:
3MOFigra \ **
A4 g (MOF el (B.10)
47N,

Expression (B.10) directly links the total amount of CuBTC and the number of crystals in
the solution to a mean presented area per crystal. Multiplication by the amount of crystals N,

yields the total available active area.
[Area] = A - N, (B.11)

This expression can then be directly plugged into the rate equations (B.1) and (B.3). It should
be noted that any proportionality between this area and the size of the unit cell and the actual
activity of a certain unit area are contained in the kinetic rate constants of the corresponding

reactions.

B.1.3 Details on the modelling procedure and rate constants

The numerical model was set up in custom-made Python code. After initiation of starting
concentrations of the Cu?* and BTC the code calculated the concentration differences
between a point #y and a point ¢ by inserting the current concentrations at time 7 into the rate
equations. The resulting change in concentration is added to the concentration at #y to obtain
the concentration at . The cycle was repeated 40000 times for every model experiment.
Since the time step is not defined, the units for the kinetic constants are related to an arbitrary

time unit. The kinetic constants used for all model evaluations were:
e ky=1-10° L3mol >

e k =5-10° L*mol *m2

k3 = 200 L3mol 3

ky,=1-107%
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e ks =500 Lmol ™!

We know from the experiments that the equilibrium reaction between the active and less-
active species forms very quickly (see discussion to Figure 5.3). If we choose k3, and k3
too high (k3 ~> 2000 L3mol 3, k3, ~> 1-10~2) our model breaks down due to the discrete
nature of the numerical evaluation. If an iteration of the loop yields negative changes in
concentration that are larger than the existing concentration of the species (which can happen
if the rate constants are chosen too high), the result will be a negative total concentration in
the next loop and the model stops functioning. To avoid this issue, we evaluate only the back
and forth reactions in equation (5.8) in the chapter 5 20000 times to allow formation of a
stable equilibrium between the active and less-active copper species before starting the full
simulation. As afterwards the concentration changes are small, the equilibrium in equation

(5.8) forms immediately after every loop.

The issue could be prevented by scaling down all rate constants and increasing the simulation
length. However, we estimate to have to increase the amount of evaluation-loops by at least
3 orders of magnitude which would increase the total time for a single simulation to around
17-20 hours (and would most likely lead to physical memory issues) whereas currently we

can simulate a full experiment in around 1 min.

The simulations were performed on a commercial personal computer.

Comparison of different rate constants

Figure B.1 shows the results of models set up with rate constants different from the ones used
for 5.4. The rate constants are detailed in Table B.1. In Figure B.1 a) the reactions to and
from the inhibiting species CuBTC; have been turned off by setting their rate constants to 0.
It can be seen that now the model follows chemical intuition. As the concentration of BTC
increases, the overall rate of the CuBTC production also increases. In addition at higher BTC

concentrations the induction period at the beginning of the growth gets significantly shorter.

In Figure B.1 b) the only change to the rate constants was that the rate constant for nucleation

k1 was reduced by one order of magnitude compared to the model that is shown in Figure
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Figure B.1 Comparison of model evaluations at different BTC concentrations with kinetic
rate constants that do not manage to reproduce the experimental observations (rate constants
in Table B.1). a) No inhibiting reaction. b) Reduced rate constant k; for nucleation. The
legend shows the BTC concentrations used.

5.4. We observe that while the inhibiting effect of higher BTC concentrations is still present

the induction period at the beginning of the reaction is now much longer.

B.2 Comparison of the UV/VIS response of pure copper

nitrate and copper nitrate with BTC

Figure B.2 shows a direct comparison of the UV/VIS response of a copper nitrate solution
containing BTC and a solution not containing BTC immediately after mixing of the solution,
so before a reaction to CuBTC can take place. The spectra match well, the only difference

being a slight overall blue shift of the spectrum with BTC, which is discussed in Figure 5.3.

Table B.1 Rate constants for the model evaluations in Figure B.1

| k1/L°mol™  kp/L*mol *m™2 k3/L’mol™ k3,  k4/Lmol™!
a) 1-10° 1-10° 0 0 0
b) 5-103 5-10° 200 1-1074 500
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Figure B.2 UV/VIS spectra of 1 mM pure copper nitrate semipentahydrate in ethanol (green)
and 1 mM copper nitrate and BTC (9 mM) in ethanol (blue) immediately after mixing of the
solutions.

B.3 Non-negative least squares fit for determination of com-

ponent concentrations

To devonvolute the contributions of the two chemical species from the UV/VIS spectra, we
use a simple non-negative least squares procedure as it is implemented in Python as it is

implemented in the scipy.optimize package using the Levenberg-Marquardt algorithm. 1371

The total spectral response S;,; 1s composed of two separate spectral components S; and S,
(which are shown in Figure 5.1) which are weighted with their specific contributions ¢; and

¢ according to:
Stor =c1-S1+¢2- (B.12)

S1, Stor and 7 are in a data sense vectors that represent the intensity distribution of the given
component over the investigated spectral range. Using a common fitting procedure (in our
case in Python) with equation (B.12) as its target equation, S;,; as the data to be fit and S;
and S, as the corresponding x-values will give the coefficients c¢; and c; that are shown in

Figure 5.1 ¢).[138]
The spectral components S| and S, are determined as follows:

For §; we take the spectral response of a pure ethanolic solution of Cu(NO;), x 2.5H,0.

Since we do not want to put any presumptions into the choice of §, we calculate S, using
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the equation (B.12) as a free floating component that is the same for a set of spectra. Due to

computational limitations we only used the 100 first spectra of one measurement.

Algorithmically the principle was the following: The matrix containing 100 spectra with
their intensities for every wavelength (600 data points per spectrum) was flattened to one
dimension, giving a data vector that is 100 times as long as one measurement has intensity
values (60000 data points). The input spectrum S; (length 600 data points) is duplicated
100 times, to match the shape of the data vector. We then run the same fitting procedure as
described before, using 800 fitting parameters. 200 of those are used for ¢ and ¢; of the 100
spectra and the 600 remaining ones are the intensity values of the to determined component
S>. The fitting guess for 7 is again duplicated 100 times in every fitting loop, ensuring that

the same S, will be used for all spectra.

The above described procedure yields the spectrum for component 2 (see Figure 5.1 b)),
which does not contain any assumptions concerning its shape. It is then used in the NNLS
algorithm that uses both S; and S, as inputs for the rest of the data. This two-step strategy
overcomes the computational limitations that we meet if we try to fit the whole data set using

a free-floating second spectral component.

B.3.1 Kinetic traces of component 1

Figure B.3 shows the fit coefficients of component 1 (the Cu?* precursor) throughout the
course of the experiments shown in Figure 5.2. We observe a similar behavior to the trace of
coefficient 1 in Figure 5.1. Initially the contribution of the component decreases for almost all
traces. After some time the component contribution reaches a minimum and starts increasing

afterwards. The behavior can be understood as discussed in section 5.2.

Due to the scattering it can also be expected that component 2 (CuBTC) will be overestimated
from the fit. This does not change our conclusions about the overall rate of CuBTC production

and the relative growth acceleration at low BTC concentrations.
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Figure B.3 Fit coefficients for component 1, identified as Cu(NO;), x 2.5 H,O, over the
time of the experiments at different concentration conditions. a) Fit coefficient vs time at
different BTC concentrations as noted in the legend. The Cu?* concentration was fixed at 1
mM. b) Fit coefficient vs time at different Cu>* concentrations as noted in the legend. The
BTC concentration was fixed at 38 mM.

B.4 Derivation of the fit function for the chemical equilib-

rium in Figure 5.3

Assume three chemical species, Cu?*, BTC and CuBTC,, that are connected through a

chemical equilibrium reaction:
Cu?* 4+ xBTC +— CuBTC, (B.13)

Their equilibrium constant K can be calculated using the concentrations of the species in
equilibrium, [Cu?*], [BTC] and [CuBTC,].
[CuBTC,]

k= [Cu?*] - [BTC[* (B.14)

Assuming the two Cu®* containing species show different UV/VIS responses in a given
spectral range, the total UV/VIS absorbance ;,; in the observed spectral range can be

calculated using:

lior = Eor,1- [Cuzﬂ + &o1,2 - [CuBTC ] (B.15)

Where &, 1 and &, > are the integrated absorbance coefficients in the observed spectral

range.
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Figure B.4 Comparison of a quadratic (x=2, green) and cubic (x=3, red) fit to equation (B.22)
with the data from Figure 5.3. The rms value is the root-mean-square of the fit residuals.

Equation (B.14) can be used to express [CuBTC, | as follows:
[CuBTC,] =K - [Cu®t] - [BTC]" (B.16)

Inserting equation (B.16) into (B.15) yields
Itot = 81‘02‘71 . [Cu2+j| =+ 8[01‘,2 -K- |:Cu2+] . [BTC]X (B17)
= [Cu?t] - (01,1 + 0,2 - K - [BTC]") (B.18)

Since we assume these are the only chemical species present, the sum of the concentrations

of Cu?* and CuBTC, needs to be equal to the initial concentration of Cu?*, [Cu“] 0

[Cu*"], = [Cu®*"] + [CuBTC,] (B.19)
Inserting (B.16) into (B.19) yields:
[Cu*t],= [Cu*']+K-[Cu*"]-[BTC]* (B.20)
Cu2+}
Cu*] = Gy B.21
[Cu™] 1 +K-[BTC]" B-2)
Inserting (B.21) into (B.18) gives:
[Cuz—i_} 0 X
X (81‘01,1 + 81‘01‘72 . K . [BTC] ) (B22)

Lpp = ——20
' 1+ K- [BTC]
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Equation (B.22) can now be used to fit a plot of the total intensity where the two components

show differences in their total absorbance coefficients &, to calculate both & ;,, € ;; and
K.

Figure B.4 shows a comparison of a quadratic and a cubic fit of equation (B.22) to the
experimental data. The root-mean-square of the fit residuals shows that the cubic fit indeed

fits the experimental data better by a factor of ~ 2.
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